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Knockout rats are finally here. 


Introducing SAGE™ Labs (Sigma Advanced Genetic Engineering), a new 
initiative of Sigma Life Science dedicated to unlocking new possibilities for 
in vivo gene targeting. Using Sigma’s exclusive CompoZr™ ZFN technology 
for gene editing, we focus on the development and characterization of 
unique, next-generation rodent research models, leaving you free to focus 


on the next brilliant discovery. 


sageresearchmodels.com 


sigma-aldrich.com 


Visit us! 

Booth #1900 

Society of Toxicology 
March 7-11 

Salt Lake City, Utah 


Turn the page to 
learn more > > 


SIGMA-ALDRICH 


SAGE 


Your next 


- breakthrough 


begins here. 


Sigma Life Science introduces SAGE™ Labs — 

a state-of-the-art program that uses the latest 
innovations in genome editing technology to create 
more predictive research models, including the 
world’s first targeted knockout rats. 


SAGE and CompoZr are trademarks of Sigma-Aldrich and its affiliate Sigma-Aldrich Biotechnology, LP. 


SAGE" 


Off-the-Shelf 
Knockout Rat Models 


SAGE Labs provides the scientific community 

quick and easy access to an array of off-the-shelf knockout 
rat models. We have partnered with experts in the fields 

of Neuroscience, Cardiobiology, ADME/Toxicology and 
Immunology to design and develop unique, next- 


generation models for advanced disease research. 


Basic and Preclinical Research Applications 
Functional Genomics Studies 
+ Target Identification 
+ Target Validation 
+ Compound Screening 
Efficacy Studies 


SAGEspeed 


Custom Model 
Development Program 


Team up with SAGE Labs research specialists to design and 
produce custom models to your exact specifications in as 


little as five months. 


Benefits 
+ Access to proprietary genetic 
engineering technologies 
Significantly reduced model development time 
Dedicated project management 


State-of-the-art vivarium 


SIGMA 


Life Science 


Priority Partners 


Early Access to Models in Development 


Become a Priority Partner and collaborate with our 
SAGE Labs team to develop and characterize next- 


generation animal models. 


Benefits 
Early access to new animal models 
Preview upcoming models 
Directly influence the future of SAGE Labs 
and the model R&D pipeline 


{ Visit sageresearchmodels.com for more 
information about SAGE Labs. } 
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SAGEspeed Knockout Creation 
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SIGMA-ALDRICH 


Learn how current events 
are impacting your work. 


Science\nsider, the new policy blog from the journal Science, is your source 
for breaking news and instant analysis from the nexus of politics and science. 


Produced by an international team of science journalists, Sciencelnsider 
offers hard-hitting coverage on a range of issues including climate change, 
bioterrorism, research funding, and more. 


Before research happens at the bench, science policy is formulated in the 
halls of government. Make sure you understand how current events are 
impacting your work. Read Sciencelnsider today. 


www.Sciencelnsider.org 


Sciencelnsider 


Breaking news and analysis from the world of science policy 


imagination at work 


AKTA, Amersham, Biacore and Whatman are trademarks of GE Healthcare companies. 
© 2009 General Electric Company - All rights reserved. 

First published September 2009 

GE Healthcare Bio-Sciences AB, Bjérkgatan 30, 751 84 Uppsala, Sweden 
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COVER 


Amilliliter of seawater. Motile marine bacteria can take advantage 
of highly heterogeneous landscapes of dissolved organic carbon, 
resulting from zooplankton excretions (left), leakage by 
phytoplankton (top) and marine snow particles (bottom), 

and phytoplankton lysis (right). The Gordon Research Conference 
on Marine Microbes will be held 4 to 9 July 2010 at Tilton School, 
Tilton, NH. See [page 708] for a preliminary conference schedule. 


Image: Roman Stocker (romans@mit.edu), Justin Seymour, 
Glynn Gorick 
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Choose QIAGEN for detection 


Detection platforms, assays, 
and analysis software 
by QIAGEN 


Use QIAGEN? solutions from sample to result, 
and benefit from sensitive and reliable detection systems: 


H Quantitative, real-time PCR detection 
m Automated analysis of DNA fragments and RNA 
H Pyrosequencing® sequence-based DNA defection and quantification 


HH Optimized, ready-to-use assays and reagents 2688 


® 
Making improvements in life possible — www.giagen.com QIAGEN 


Sample & Assay Technologies 
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www.sciencedigital.org/subscribe 


For just US$99, you can join AAAS TODAY and 
start receiving Science Digital Edition immediately! 


www.sciencedigital.org/subscribe 


For just US$99, you can join AAAS TODAY and 
start receiving Science Digital Edition immediately! 
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the Vela Pulsar Wind Nebula with AGILE| 
A. Pellizzoni et al. 

Pulsar wind nebulae could account 

for some of the yet unidentified 

galactic gamma-ray sources. 


Visualizing Critical Correlations Near the| 
A. Richardella et al. 

Scanning tunneling microscopy reveals the 
import role of electron-electron interactions 
in a dilute magnetic semiconductor. 

>> Perspectivelp. 652) 


pin State’ 
J. R. Petta et al. 
Aseries of electrical pulses is used 
to demonstrate quantum control 
of a double quantum dot system. 


>> Perspective 650) 
Water Freezes Differently on Positively! 


nd Negatively Charged Surface: 
lof Pyroelectric Material: 
D. Ehre et al. 
Supercooled water on a surface can freeze 


upon heating in response to surface charge 
switching from negative to positive. 


D. Shi et al. 
Ocean acidification caused by anthropogenic 


carbon dioxide is changing the chemistry 
and bioavailability of iron in seawater. 


>> Perspective 


Gradual Adaptation Toward af 
‘ange-Expansion Phenotype Initiated| 

the Global Radiation of Toad 

1. Van Bocxlaer et al. 
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The range expansions and species radiations 
of toads required the evolution of an optimal 
dispersal phenotype. 

>> News story|p. 
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Flight Orientation Behaviors Promote! 


High-Flying Insects) 
J. W. Chapman et al. 
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Radar reveals that insects use high-altitude 
winds and correct for crosswind drift during 
long-range migrations. 


Flagellar Switch| 

F. Bai et al. 

The behavior of the bacterial flagellar switch 
is modeled by probabilistic conformational 
coupling of the protein. 


>> Perspective. 653) 
ryo-EM Model of the Bullet-Shape 


esicular Stomatitis Virug 


P. Ge etal. 


The structure of a negative-strand RNA virus 
suggests how bullet-shaped rhabdoviruses 
assemble. 


Abundance of Ribosomal RNA Gen 
opies Maintains Genome Inteqrit 
S. Ide et al. 


In eukaryotes, multiple copies of ribosomal 
DNA protect it from transcription-induced 


Evolutionary Dynamics of Comple: 
Networks of HIV Drug-Resistant Strains: 
he Case of San Francisco) 


the potential for an epidemic wave 
of antiretroviral-resistant HIV. 


Optimal Localization by Pointing Off Axi 
Y. Yovel et al. 


Echolocating Egyptian fruit bats do not 
center their sonar clicks on a target, thereby 
maximizing localization of the target. 

>> Science Podcast 


M. Stiess et al. 


Neuronal polarization and axon regeneration 
depend on decentralized microtubule assembly 
rather than a functional centrosome. 
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NEW! 


_Trans\T®-2020 Transfection Reagent 
High performance, animal free, broad spectrum DNA transfection 


Achieve superior gene 
expression in hard to transfect cells 
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TransIT®-2020 FuGENE® HD Lipofectamine™ Lipofectamine™ 
2 2000 CD 


Luciferase Expression (RLU) 


For additional cell type data go to: www. TheTransfectionExperts.com 


©2010 Mirus Bio LLC. All trademarks are the property of their respective owners. All rights reserved. 
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CONTENTS 


SCIENCEXPRESS 


www.sciencexpress.org 


Reconstructing Past Seawater Mg/Ca 

and Sr/Ca from Mid-Ocean Ridge Flank 

Calcium Carbonate Veins 

R. M. Coggon et al. 

Calcium carbonate veins from the ocean crust can be 
used to reconstruct past ocean cation ratios. 
10.1126/science.1182252 


Regulation of Alternative Splicing 

by Histone Modifications 

R.F. Luco et al. 

Histone modifications regulate alternative splicing 
through physical cross talk with the splicing machinery. 
10.1126/science.1184208 


NMR Structure Determination for Larger 
Proteins Using Backbone-Only Data 

5S. Raman et al. 

Protein structures can be determined by using 
the limited nuclear magnetic resonance 
information obtainable for larger proteins. 
10.1126/science.1183649 


Retromer Is Required for Apoptotic Cell 
Clearance by Phagocytic Receptor Recycling 
D. Chen et al. 

An intracellular membrane-sorting machinery 
participates in cellular corpse clearance. 
10.1126/science.1184840 


Plumage Color Patterns of an Extinct Dinosaur 
Q. Lietal. 

Comparison of melanosome shape and density 
between fossil feathers and modern ones reveals 
the appearance and color of a theropod. 
10.1126/science.1186290 


TECHNICALCOMMENTS 


Comment on “Unexpected Epoxide Formation 
in the Gas-Phase Photooxidation of Isoprene” 
M. Claeys 


full text at www.sciencemag.org/cgi/content/full/327/ 
5966/644-b 


Response to Comment on “Unexpected Epoxide 
Formation in the Gas-Phase Photooxidation 


of Isoprene” 
F Paulot et al. 


full text at www.sciencemag.org/cgi/content/full/327/ 
5966/644-c 


SCIENCENOW 

www.sciencenow.org 

Highlights From Our Daily News Coverage 
Foster Care for Chimps 

Researchers say adoptions in the wild 

show evidence of altruism. 

The Ape That Never Grows Up 


Could a slow-to-mature brain explain 
the bonobo’s social nature? 


How Carnations Conquered Europe 


Rapid diversification of flower suggests continent 
may have been an evolutionary hot spot. 


SCIENCESIGNALING 
www.sciencesignaling.org 
The Signal Transduction Knowledge Environment 


RESEARCH ARTICLE: Noncoding RNA Gas5 

Is a Growth Arrest— and Starvation-Associated 
Repressor of the Glucocorticoid Receptor 

T Kino et al. 

Gas5 is a noncoding RNA that acts as a decoy 
glucocorticoid response element to inhibit 
glucocorticoid-mediated transcription. 


MEETING REPORT: BMPs—From Bone to Body 
Morphogenetic Proteins 

D. Obradovic Wagner et al. 

Discussion at a meeting in Berlin, Germany, 
showed that BMPs have essential functions 

in organs and tissues besides bone. 


PODCAST 
T. Kino and A. M. VanHook 


Anoncoding RNA competes with DNA for binding 
to the glucocorticoid receptor. 


SCIENCECAREERS 
www.sciencecareers.org/career_magazine 
Free Career Resources for Scientists 


SPECIAL MARRIED-WITH-CHILDREN ISSUE 

A Husband and Wife Play Science on the Same Team 
C Wald 

Michael Crickmore and Dragana Rogulja 

have similar research interests but keep 

their professional identities separate. 


Making Science and Family Fit 
E. Pain 


A mother of three, Michal Sharon has managed 
to have both a family and a scientific career. 


Taken for Granted: Where Two Issues Stand 
B. L. Benderly 


Lab safety slowly advances, while University of 
California postdoc contract negotiations stall. 


SCIENCETRANSLATIONAL MEDICINE 
www.sciencetranslationalmedicine.org 
Integrating Medicine and Science 


PERSPECTIVE: Engineered Proteins 

Pull Double Duty 

J. R. Cochran 

Single proteins that hit two targets enhance 
therapeutic effects. 


COMMENTARY: Bioethical and Clinical Dilemmas 
of Direct-to-Consumer Personal Genomic Testing— 
The Problem of Misattributed Equivalence 

C Eng and R. R. Sharp 

What are the challenges associated with 
direct-to-consumer genomic tests compared 

with validated clinical genetic tests? 


SCIENCESIGNALING 
Sites of BMP action. 


RESEARCH ARTICLE: Identification of Therapeutic 
Targets for Quiescent, Chemotherapy-Resistant 
Human Leukemia Stem Cells 

Y. Saito et al. 


CD32, a molecule specifically found in human 
leukemia stem cells, is a promising target for therapy. 


RESEARCH ARTICLE: Inducing CTLA-4—Dependent 
Immune Regulation by Selective CD28 

Blockade Promotes Regulatory T Cells 

in Organ Transplantation 

N. Poirier et al. 


An improved method of immunosuppression 
enhances the survival of transplanted organs 
in nonhuman primates. 


SCIENCEPODCAST 
www.sciencemag.org/multimedia/podcast 
Free Weekly Show 


Download the 5 February Science Podcast to 

hear about high-frequency graphene transistors, 
bat echolocation strategies, the 2011 U.S. science 
budget, and more. 


SCIENCEINSIDER 
blogs.sciencemag.org/scienceinsider 
Science Policy News and Analysis, 
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STUNNING QUALIT 


Sequencing coverage map of the E. coli genome after using 
NEBNext™ DNA Sample Prep Reagent Set 1 for Sample Preparation 


Now available: 

NEBNext™ dsDNA Fragmentase™ 
an enzyme-based solution for the 
fragmentation of DNA 


0 1x10! 2x10° 3x10! 4x10° 


Genome Position 


E. coli strain MG1655 gDNA was prepared with NEBNext DNA Sample Prep Reagent Set | and sequenced on an Illumina 
Genome Analyzer Il. 


CREDITS (TOP TO BOTTOM): PEDRAM ROUSHAN AND ALI YAZDANI; BERT WILLAERT 


Development of Myeloid 
Immune Cells 


As leukocytes develop to maturity, they proceed 
through an array of phenotypically distinct inter- 
mediates. For T and B lymphocyte populations, the 
different developmental stages, anatomical loca- 
tions, and cell signals required for progression are 
well established. However, until recently, much 
less has been known about how development pro- 
ceeds in the myeloid lineage, which includes 
monocytes, macrophages, and dendritic cells. 
Geissmann et al. (p. 656) review our current 
understanding of myeloid lineage develop- 
ment and describe the developmental path- 
ways and cues that drive differentiation. 


Freezing Supercool 
Water 


Under equilibrium conditions, water will 

reeze at 0°C, but, under certain conditions, it 
can be kept in a supercooled liquid form 

elow this temperature. Ehre et al. (p. 672) 
resent a careful and detailed study of the 
reezing of water drops on both positively and 
negatively charged pyroelectric surfaces using a 
combination of optical microscopy and x-ray dif- 
raction: Supercooled water froze at different tem- 
eratures, depending on the charge of the sub- 
strate with the initial freezing occurring at the 
iquid-substrate interface on a positively charged 
substrate and at the air-water interface on a nega- 
tively charged substrate. Thus, freezing could be 
induced upon heating when the substrate charge 
also changed from negative to positive. 


Pulsar Wind Nebula 


Pulsar wind nebulae are the result of the interac- 
tion between the wind of relativistic charged par- 
ticles emitted by pulsars and their surrounding 
interstellar medium. Using the AGILE satellite, 
Pellizzoni et al. (p. 663) published online 31 
December) detected extended gamma-ray emis- 
sion between 100 megaelectron volts and 3 
gigaelectron volts from the 10,000-year-old Vela 
pulsar wind nebula. This detection sets con- 
straints on the relativistic particle wind of pul- 
sars, its energetic content, and its interactions 
with the surrounding medium. It also suggests 
that pulsar wind nebulae could form a subset of 
the yet unidentified galactic gamma-ray sources. 


Splitting Quantum States 
The ability to manipulate the spin and charge 
states in quantum dots electrically make them 
attractive as the building blocks (qubits) for 


www.sciencemag.org SCIENCE VOL327 5 FEBRUARY 2010 


quantum information processing systems. Petta 
et al. (0. 665 see the Perspective by Burkard) 
now show that the avoided crossing of a spin- 
singlet state and spin-triplet state of a double 
quantum dot can operate as a state splitter. By 
controlling the rate at which an incoming state is 
swept across the crossing region, it can be sepa- 
rated into either the singlet or triplet states. The 
ability to manipulate the quantum states without 
needing high or local magnetic fields should 
prove useful in integrated quantum circuits. 


Metal-Insulator 
Transition 


At near-zero temperatures, 
some materials undergo a 
metal-insulator transition 
and their electronic prop- 
erties change from con- 
ducting to insulating. In 
the dilute magnetic semi- 
conductor Ga,_,Mn,As, a 
promising spintronics 
material, the metal-insula- 
tor transition is driven by the 
substitution of Ga atoms with Mn. While disor- 
der clearly plays a key role in this transition, the 
influence of electron-electron correlations has 
been far from clear. Richardella et al. (p. 665} 
see the Perspective by Fiete and de Lozanne) 
used scanning tunneling microscopy to study 
the electronic states of this system. The autocor- 
relation function of the local density of states 


Evolutionary Hop 


exhibited a power law (rather than an exponen- 
tial) decay at Fermi energy. Thus, electron-elec- 
tron interactions are indeed crucial for under- 
standing dilute magnetic semiconductors. 


lroned Out 


In large regions of the ocean, low levels of the 
essential nutrient, iron, limits primary productivity. 
Iron’s chemistry and bioavailability are highly 
dependent on pH. Rising concentrations of 
atmospheric CO, is leading to the acidification 
of the ocean. Shi et al. (p. 676) published 
online 14 January; see the Perspective by 
Sunda) show that the bioavailable fraction of 
iron dissolved in the ocean may decline as a 
result of the decrease in ocean pH, which affects 
the rate of iron uptake by diatoms and cocco- 
lithophores. Unless iron input to the oceans 
increases, these changes may lead to an 
increase in the iron stress of phytoplankton. 


Not at the Mercy 
of the Wind 


How can insects that migrate at high altitudes 
on fast-moving winds influence their direction 
of migration, when wind speeds typically exceed 
their self-propelled air speeds by a factor of 
three or four? Using automated vertical-looking 
entomological radar systems, Chapman et al. 
(p. 682) show that compass-mediated selection 
of favorable tailwinds, and partial correction for 
crosswind drift, are widespread phenomena in 


In order for animals to colonize new environments and disperse, specific traits may be 
required. Toads form a large and ecologically diverse group and have achieved extremely 
wide distribution in a very short time frame. To test what 


traits may be associated with species range in 


modern toads, Van Bocxlaer et al. 
see the news story by Pennisi) phylogenet- 
ically reconstructed the evolutionary his- 
tory of morphological and physiological 
traits linked to the toads’ geographic 


7 


ranges. Toads have evolved an optimal disper- 
sal phenotype comprising many traits, including 
those affecting reproductive choices and water 
retention, which preceded their exp 

and radiation. 
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Science Careers 
in Translation 


a e 


Want to build relationships with clinical 
or basic scientists? Get advice on the best 
way to conduct a clinical and translational 
science career? There’s no better place to 
explore these ideas, and to build new 
scientific relationships, than CTSciNet, 
the new online community from Science, 
Science Careers, and AAAS made possible 
by the Burroughs Wellcome Fund. 


There’s no charge for joining, and you'll 

enjoy access to: 

@ Practical and specific information on 
navigating a career in clinical or 
translational research 

@ Opportunities to connect with other 
scientists including peers, mentors, and 
mentees 

@ Access to the resources of the world’s 
leading multidisciplinary professional 
society and those of our partner 
organizations 


Connect with CTSciNet now at: 
Community.ScienceCareers.org/CTSciNet 


CTSciNet 2: 


Clinical and Translational Science Network 


Presented by 


Science 
AYAAAS From the journal Science ~— AYAAAS 


HBCU-UP National 
Research Conference 


eee | eens 


Historically Black Colleges and Universities (HBCUs) 
increase the number of underrepresented ethnic 
minorities qualified for education and research in 
science, technology, engineering, and mathematics 
(STEM). AAAS partners with NSF to host a national 
gathering that highlights undergraduate student 
research to enhance the quality of STEM education. And 
this is just one of the ways that AAAS is committed to 
suosice science to supporta healthy and prosperous 
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This Week in Science 


Continued from 


migrant insect species. Specialized flight behaviors have decisive influence on the migration 
pathways achieved by insects. Thus, contrary to popular belief, migrant insects are not at the 
mercy of the wind. 


Complex Cooperativity 

Cooperativity in multisubunit protein complexes is classically understood in terms of either a con- 
certed model, in which all subunits switch conformation simultaneously, or a sequential model, in 
which a subunit switches conformation whenever a ligand binds. More recently, a “conformational 
spread” model has suggested that a conformational coupling between subunits and between subunit 
and ligand is probabilistic. Using high-resolution optical microscopy, Bai et al. see the Per- 
spective by Hilser) observed multistate switching of the bacterial flagellar switch complex that was 
previously understood in terms of a concerted allosteric model. The conformational spread model 
gives quantitative agreement with the data. 


VSV in 3D 


Rhabdoviruses are a family of negative-stranded RNA viruses that includes 
rabies virus, which have a characteristic bullet shape. Though structures of 
individual rhabdovirus proteins have been reported, how these are organized 
into a bullet shape has remained unclear. Now, Ge et al. report a 
cryo-electron microscopy structure of a model rhabdovirus, vesicular stom- 
atitis virus. The structural data and examination of mutants allows modeling 
of virion assembly. 


Protective Abundance 


Massively repeated sequences are generally dangerous to genomes because they promote recombi- 
nation and, potentially, genome instability. Eukaryotic ribosomal RNA genes (rDNA), which are 
highly transcribed, are organized into large arrays of repeats and have a system that actively main- 
tains these large arrays. In getting to the bottom of this apparent contradiction, Ide et al. 
found that reducing the number of rDNA repeats in yeast resulted in a marked sensitivity to DNA 
damage, owing to heavy rDNA transcription preventing repair of compromised DNA replication 
forks. It appears that the additional copies of rDNA both reduce the ability of transcription to inter- 
fere with DNA repair and provide, through the action of condensin, templates for the recombina- 
tion-based repair of replication-induced damage. 


Detection Versus Localization 


Active-sensing systems allow an animal some control over the information acquired from the environ- 
ment. For example, echolocating bats are known to control many aspects of their sonar signal design. 
However, their sensory data-acquisition strategies are still not fully understood. Yovel et al. (p. 701) 
found that Egyptian fruit bats (Rousettus aegyptiacus) did not aim their sonar beams directly on tar- 
get in a standard localization task. Instead, the bats pointed the main lobe of their sonar beam off- 
axis. Bats approaching the target emitted sounds to the left and right of its localization, in an alter- 
nating manner, so that the maximum slope of the change in intensity of the sonar beam was often 
positioned close to the target. This echolocation strategy is ideal for target localization but occurs at 
the cost of target detection. 


Centrosome-Free Axonal Regeneration 


Neuronal axon growth is thought to depend on microtubules that are assembled at the centrosome, 
the classical microtubule organizing center (MTOC), which may even dictate axon growth. However, 
such a local trigger of neuronal polarization and focal microtubule nucleation in the cell body 
appears difficult to reconcile with the sophisticated microtubule arrays observed in neurons. Now, 
Stiess et al. published online 7 January) provide evidence, through physical ablation of the 
centrosome in mammalian neurons, that axon growth is regulated by acentrosomal microtubule 
nucleation. The findings suggest that the centrosome loses its function as an MTOC during neuronal 
development, that axon growth depends on decentralized microtubule assembly, and that neuronal 
differentiation takes place in the absence of a functional centrosome. 
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Proven Science. 
Experienced People. 


Trusted Results. 


Preclinical, GLP-compliant 
Toxicology Studies 


Small molecules, biologics, 
nutraceuticals, and botanical 
extracts 


Standard species and specialized 
models 
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of administration 
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EDITORIAL 


Ensuring Integrity in Science 


HACKED ELECTRONIC RECORDS OF CLIMATE SCIENTISTS AT THE UNIVERSITY OF EAST ANGLIA’S CLIMATE 
Research Unit (UEA/CRU) led to worldwide publicity during the December 2009 Copen- 
hagen climate change convention. UEA is conducting a formal investigation to determine 
whether UEA scientists manipulated or suppressed data or otherwise acted unprofession- 
ally. My reading of the vast scientific literature on climate change is that our understanding 
is undiminished by this incident; but it has raised concern about the standards of science and 
has damaged public trust in what scientists do. 

In the wake of the UEA controversy, I have been contacted by many U.S. and world lead- 
ers in science, business, and government. Their assessments and those from various edito- 
rials, added to results from scattered public opinion polls, suggest that public opinion has 
moved toward the view that scientists often try to suppress alternative hypotheses and ideas 
and that scientists will withhold data and try to manipulate some 
aspects of peer review to prevent dissent. This view reflects the frag- 
ile nature of trust between science and society, demonstrating that 
the perceived misbehavior of even a few scientists can diminish the 
credibility of science as a whole. 

What needs to be done? Two aspects need urgent attention: the gen- 
eral practice of science and the personal behaviors of scientists. The 
good news is that some efforts to address both issues have already 
begun. But now we must make further advances on both fronts. Clarity 
and transparency must be reinforced to build and maintain trust—inter- 
nal and external—in science. Scientists are taught to describe exper- 
iments, data, and calculations fully so that other scientists can repli- 
cate the research. Last year, the Committee on Science, Engineering, 
and Public Policy (COSEPUP) of the National Academy of Sciences 
(NAS), National Academy of Engineering, and Institute of Medicine 
put forth a framework for dealing with research data,* emphasizing that “Research data, meth- 
ods and other information integral to publicly reported results should be publicly accessible.” 
Some journals have established policies that require the sharing of materials and data. However, 
post-publication complaints regarding data sharing persist. Despite many efforts, the scientific 
community has failed to uniformly integrate these standards into their practices. 

It is essential that the scientific community work urgently to make standards for ana- 
lyzing, reporting, providing access to, and stewardship of research data operational, while 
also establishing when requests for data amount to harassment or are otherwise unreason- 
able. A major challenge is that acceptable and optimal standards will vary among scientific 
disciplines because of proprietary, privacy, national security, and cost limitations. Failure 
to make research data and related information accessible not only impedes science, it also 
breeds conflicts. Contention over paleoclimatic data was at the heart of the UEA/CRU e-mail 
exchanges. Beyond data handling, the relationship between science and society depends on 
the personal conduct of scientists in all that they do. Fortunately, an up-to-date guide to 
responsible conduct in research is now available,** and its standards should be energetically 
pursued throughout the scientific community. 

Later this month, at the 2010 annual meeting of the American Association for the 
Advancement of Science (AAAS) in San Diego, NAS and AAAS will lead a discussion 
of these important issues, examine points raised by the UEA/CRU situation, review best 
practices, and encourage scientists to develop standards for data access that work in their 
fields. The outcome of this special session must be explicit actions, as scientists must do 
much more now, and with urgency, to demonstrate that science is indeed self-correcting and 
worthy of the public’s trust. — Ralph J. Cicerone 


10.1126/science.1187612 


*COSEPUP, Ensuring the Integrity, Accessibility and Stewardship of Research Data in the Digital Age (National Academies 
Press, Washington, DC, 2009). **On Being a Scientist (National Academies Press, ed. 3, Washington, DC, 2009). 
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DITO ICE 


EDITED BY GILBERT CHIN AND JAKE YESTON 


PLANT SCIENCE 
Regulating Supply and Demand 


Photosynthesis, the means by which green plants use sunlight to convert CO, into 
sugars, depends on the harvesting of photons and their delivery to two photosys- 
tem complexes (| and Il). When light intensity or spectral composition varies, elec- 
tron flow through the photosystems can be modulated in what is known as transi- 
tions of state. The association of light-harvesting protein complexes (LHCs) with the 
photosystems is regulated by phosphorylation and dephosphorylation of the LHC so as 
to maximize photosynthetic efficiency. 

In Arabidopsis, the protein kinase responsible for phosphorylation of this complex is 
STN7. Pribil et al. have characterized the thylakoid-associated phosphatase TAP38 and show 
that TAP38-deficient plants accumulated phosphorylated LHCs, whereas TAP38 overexpression 

mimicked a loss-of-function mutation in the kinase STN7. These data suggest that TAP38 controls 
the dephosphorylation of the LHC and offer a means by which it might be possible to engineer 
more efficient photosynthetic systems. — LMZ 


CREDITS (TOP TO BOTTOM): N. KEVITIYAGALA/SCIENCE; LEE ET AL., EMBO J. 29, 10.1038/EMBOJ.2009.405 (2010) 


CHEMISTRY 
Peering into Collapsing Bubbles 


A liquid excited by ultrasonic pressure waves 
emits a short burst of light caused by the implo- 
sion of either single bubbles or clouds of bub- 
les. Spectroscopy of this sonoluminescence has 
shown that temperatures of several thousand 
kelvin may be associated with bubble collapse, 
but it has not been clear how homogeneous the 
temperature profile within a cloud of bubbles is. 
0 address this question, Xu et al. have mea- 
sured the spectroscopic temperature in bubble 
clouds formed in aqueous phosphoric acid, using 
molecular emissions from both OH and PO radi- 
cals. The results show that there are two different 
ubble populations in the cloud. One popula- 
tion, associated with OH emission, collapses 
symmetrically and has a temperature of around 
9500 K; the other, associated with PO emission, 
comes from colder bubbles (~4000 K) that col- 
apse nonsymmetrically. These properties of col- 
apsing bubbles will affect the course of the local 
chemistry. — JFU 

Angew. Chem. Int. Ed. 49, 1079 (2010). 


CELL BIOLOGY 
Selective Consumption 


Cellular self-digestion, or macroautophagy, 
occurs when the cell degrades its internal com- 
ponents. This helps to avoid the accumulation of 
potentially toxic protein aggregates, which leads 
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to neurodegenerative diseases, and it serves to 
recycle nutrients during starvation. A membrane- 
bound organelle—the autophagosome— 
sequesters the intracellular material to be 
degraded, and it subsequently fuses with lyso- 
somes, which provide hydrolytic enzymes. 

Lee et al. have identifed a differential 
requirement for the histone deacetylase HDAC6 
in starvation-dependent versus -independent 
macroautophagy. HDAC6 binds F-actin and 
microtubules and was pre- 
viously found to play a 
role in clearing misfolded 
proteins from the cell. The 
authors found that 
HDAC6 promotes fusion 
between autophagosomes 
and lysosomes by recruit- 
ing a network of F-actin. 
Both HDAC6 and F-actin 
were required for proper 
protein clearance, and 
HDAC6-deficient mice 
and Drosophila exhibited 
increased protein aggre- 
gation in neurons, as well as symptoms of neu- 
rodegeneration. However, neither HDAC6 nor 
F-actin was required for the fusion of autophago- 
somes and lysosomes during starvation, indicat- 
ing that protein and organelle degradation is 
selective, targeting only damaged or potentially 
toxic substrates. — HP 

EMBO]. 29, 10.1038/emboj.2009.405 (2010). 


Degeneration of 
photoreceptor neu- 
rons in Drosophila. 


PLoS Biol. 8, €1000288 (2010). 


CHEMISTRY 
Whence Homochirality? 


Just as left and right hands cannot be superim- 
posed in space, so the carbon centers in biologi- 
cally derived amino acids and sugars are locked 
ina single specific orientation, or chiral sense, 
distinct from its mirror image. An enduring ques- 
tion is how this circumstance came about. This 
month, a collection of nine papers organized by 
Pizzarello and Lahav explores this question 
from a variety of angles. Among the contribu- 
tions, Green and Jain review several theories 
put forward over the past half-century; they 
emphasize that chiral selectivity is a natural 
consequence of the evolution of enzymes 
toward maximum catalytic efficiency, and 
they further suggest that life may have begun 
on both sides of the mirror, so to speak, with 
organisms of the presently unfavored symme- 
try tripped up by an early random event. 
Many current studies focus instead on the possi- 
bility that the preponderance of building blocks 
on Earth were homochiral from the outset, their 
configurations set by a process of asymmetric 
amplification from a small initial excess of one 
chiral sense in a precursor pool. Kawasaki et al. 
investigate the propensity of a chiral organic 
crystal to seed this sort of amplification. Taken 
together, the full series of papers conveys the 
diversity of approaches directed toward solving 
this deep natural mystery. — JSY 
Orig. Life Evol. Bios. 40 1; 111; 65 (2010). 
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Edward M. Rubin, lavirence Berkeley National Lab 
Shimon Sakaguchi, Kyoto Univ. 
Michael J. Sanderson, Univ, of Arizona 
Jiirgen Sandkiihler, Medical Univ. of Vienna 
Paull Schulze-Lefert, Max Planck Inst., Cologne 
Christine Seidman, Harvard Medical School 
David Sibley, Washington Univ. 
Joseph Silk, Univ. of Oxford 
Montgomery Slatkin, Univ. of California, Berkeley 
Davor Solter, Inst. of Medical Biology, Singapore 
Allan C. Spradling, Carnegie institution of Washington 
Elsbeth Stern, ETH Zurich 
Yoshiko Takahashi, Nara Inst. of Science and Technology 
Jurg Tschopp, Univ. of Lausanne 
Bert Vogelstein, Johns Hopkins Univ. 
Bruce D. Walker, Harvard Medical School 
Christopher A. Walsh, Harvard Medical School 
David A. Wardle, Swedish Univ. of Agric Sciences 
Graham Warren, Max F. Perutz Laboratories 
Colin Watts, Univ. of Dundee 
Detlef Weigel, Max Planck Inst,, Tiibingen 

jssman, Univ. of California, San Francisco 

Univ. of Georgia 
lan A. Wilson, The Scripps Res. Inst. 
Xiaoliang Sunney Xie, Harvard Univ. 
John R. Yates IMI, The Scripps Res. Inst. 
Jan Zaanen, fen Univ. 
Huda Zoghbi, Baylor College of Medicine 
Maria Zuber, MIT 


BOOK REVIEW BOARD 


John Aldrich, Duke Univ. 
David Bloom, Harvard Univ. 

ela Creager, Princeton Univ. 
Richard Shweder, Univ. of Chicago 
Ed Wasserman, DuPont 
Lewis Wolpert, Univ. College London 
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GENES FOR SPEED 


Thoroughbred horse owners now have a new tool to predict how their nags 
will perform on the track. Last week at the Irish Thoroughbred Breeders’ 
Association Expo in County Kildare, a new company called Equinome 
rolled out a €1000 DNA test of a muscle factor derived from the Horse 
Genome Project. 

Muscle growth is governed by myostatin, a protein that determines 
whether an animal has compact muscles tuned for rapid sprints or a 
leaner body suited for endurance. Company co-founder Emmeline Hill, 
left, a genetics researcher at University College Dublin, and colleagues 
reported last month in PLoS ONE that horses with two copies of the 
myostatin-suppressing C variant of the gene were more likely to win 
short races up to 6.5 furlongs (1.3 kilometers), whereas horses with two 
T variants did better in races up to 13.5 furlongs. 

Horse Genome Project coordinator Ernest Bailey of the University of 
Kentucky, Lexington, notes that breeders have adopted genetic tests for 
paternity, coat color, and diseases but that performance prediction is new 
ground. Hill says breeders have been asking about genes for tempera- 
ment. That's not yet in the offing, she says, but “we're investigating gene 
associations with [other] parameters, such as aerobic capacity.” 


CREDITS (TOP TO BOTTOM): BRENDA FITZSIMONS/THE IRISH TIMES; SOURCE: THE DIGITAL NEWS AGENCY; WILSON BENTLEY 


Spanish Gold 


The Frontiers of Knowledge awards by the 
Madrid-based BBVA Foundation burst on the 
scene last year as another Nobel wannabe. This 
year, a pot of $4.5 million is being divided 
among recipients in eight categories. 

Six scientists have so far been named; five of 
them are in the United States. The first award, 
announced on 15 January, went to climate mod- 
eler Klaus Hasselmann of the Max Planck Institute 
for Meteorology in Hamburg, Germany, for 
demonstrating that global warming is caused by 
human activities. The other awards went to mathe- 
matical engineer Thomas Kailath of Stanford 
University for “transformative” work in informa- 
tion technology; chemist Richard Zare of Stanford 
and theoretical physicist Michael Fisher of the 
University of Maryland, College Park, “for their 


The Art of Snowflakes 


Before Wilson Bentley discovered the joys of taking photographs down a 
microscope, few people considered the snowflake a thing of beauty. Last 
week, the Carl Hammer Gallery in Chicago, Illinois, was selling 20 Bentley 


ints for $4800 apiece. 
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Bentley was a Vermont farmer and self-taught scientist who in 1880 
received a microscope for his 15th birthday. After focusing on snowflakes, he 
was staggered by what he saw. “Every crystal was a masterpiece of design,” he said 

ater. He first tried sketching them, then turned to a primitive camera. It took 4 years to find a way of 
making snowflakes hang around long enough—up to 90 seconds—to get a successful shot. 
Ultimately, Bentley became a pioneer in photomicrography, recording 5318 different snowflake 
images. He helped open the world of snowflakes to scientists, says physicist Kenneth G. Libbrecht of 
the California Institute of Technology in Pasadena: “The big breakthroughs were made in the 1930s 
by a physicist who was pointed in that direction by Bentley's photographs.” Unfortunately, Bentley's 
love of snow was not reciprocated: He died of pneumonia in 1931 after walking home in a blizzard. 


independent, fundamental contributions to 
describing the world at the molecular scale”; 
molecular biologist Robert Lefkowitz of Duke 
University for identifying drug receptors; and 
ecologist Peter Reich of the University of 
Minnesota, Twin Cities, for research on ecosystem 
responses to global environmental changes. 

The remaining reward categories are “devel- 
opment cooperation,” music, and economics. 


Stratospheric Jump 


Some time this year, aeronaut Felix Baumgartner 

plans to pilot a helium balloon more than 

36 kilometers into the stratosphere and jump 

out, breaking the sound barrier as well as the 

31-km record set by Joseph Kittinger in 1960. 
Baumgartner will face numerous exotic 

health hazards, says Jonathan Clark, a former 


NASA flight surgeon and medical director of 
the mission, known as Red Bull Stratos 
(redbullstratos.com). Above about 19 kilometers, 
water boils spontaneously. To prevent nitrogen 
from bubbling out of his bloodstream (otherwise 
known as the bends), Baumgartner will breathe 
only oxygen for 2 hours 
before the flight and 
will wear a pressurized 
suit. Thermal control is y 
also tricky. If he sweats |___ 
in his suit, it could 
freeze in a thin layer all 
over his body in temper- 
atures as low as —100°C, 
Clark says. Then there's 
acceleration. If the 
jumper goes into a “flat 
spin,” blood could rush 
to his head, causing 
hemorrhage. The 
biggest unknown, says 
Clark, is what breaking 
the sound barrier will 
do to his body. One 
possibility is “shock- 
shock interaction”: As 
shock waves come off 
the body from different 
angles, they could com- 
bine into a powerful 
blast wave. 

Clark’s team won't say where in North America 
Baumgartner plans to do his jump, but by record- 
ing his vital signs and the forces he feels, they 
hope to gain information on the feasibility of 
high-altitude bailouts that will be useful to the 
budding commercial space-flight industry. 
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U.S. BUDGET 


Proposed ivory 
sale sparks debate 


Science Spared From Domestic 
Spending Freeze—for Now 


What’s not to like? Despite his pledge to 
freeze domestic discretionary spending in 
an attempt to shrink a $1.6 trillion deficit, 
President Barack Obama has asked Con- 
gress to boost science spending next year 
across the federal government. The request 
is part of the president’s $3.8 trillion budget 
blueprint for 2011. Although Congress is 
certain to revise that plan as the year 
unfolds, for the time being agency heads 


President George W. Bush that was to have 
returned humans to the moon by 2020. The 
new policy has an unspecified target and 
timetable; in the meantime, however, it 
slashes more than $1.2 billion from space 
operations. In contrast, NASA’s science 
directorate would receive a $540 million 
increase in 2011. “This brings NASA back 
to its roots as an engine of innovation,” says 
Sally Ride, the first U.S. woman in space 
and a member of an external commission 


Survival of the 
fittest toads 


not enamored with the president’s wish to 
protect national security programs from any 
freeze and have vowed to make the Pentagon 
share in any budget trimming. If they pre- 
vail, that could relieve some pressure to trim 
the proposed increases in domestic research 
programs. Indeed, the White House has 
already proposed shrinking development 
programs within the Department of Defense 
to the point at which the government’s over- 
all research and development budget (more 
than half of which is devoted to defense) 
would remain flat, at $147 billion. A pre- 
ferred metric for the president’s science 
adviser, John Holdren, and other agency 
heads is federal spending on basic and 
applied research, which does not include the 


are crowing. 


“T have to admit that right now, I’m not 
ot of pain,” says Arden Bement, 


feeling a 
director of the National Science 
Foundation (NSF), which would 
receive a boost of more than 7%, to 
$7.42 billion. 

What sold especially well this 
year was the argument that more 
research and a larger scientific work- 
force are long-range solutions to the 
country’s dismal 10% unemploy- 
ment rate. “We’re overjoyed with the 
budget,” says Patrick Gallagher, 
director of the National Institute of 
Standards and Technology, which 
is slated for a 7.5% increase, to 
$922 million. “It shows that science 
and technology are really viewed 
through an economic lens.” 

An emphasis on jobs explains in 
part the boost for clean energy 
research programs at the Depart- 
ment of Energy (DOE), efforts 
meant to move the nation toward a 
low-carbon economy. In step with 
that goal, climate change also 
remains a priority for the Adminis- 
tration, which proposed a 21% hike 
in global climate research across 
eight agencies as well as a major 
realignment of Earth-observing 
satellite programs (see sidebar). 

The budget also takes a new view 
of human space exploration. The 
president has proposed a major 
reshuffling that turns the agency 
away from a program launched by 


that seemed to favor such a redirection. 


RESEARCH HIGHLIGHTS IN 2011 REQUEST (in Millions $) 


Agency FY ‘10 FY ‘11 
Final Request 
National Institutes of Health $31,089 | $32,089 
National Science Foundation 6926 7424 
Research 5618 6019 
Education 873 892 
NASA Science 4469 | 5006 
Energy Dept. Office of Science 4904 5121 
ARPA-E 0 300 
Commerce Department 
NOAA Research 487 522 
NIST Research & Facilities 685 731 
EPA Research 527 Bee] 
USDA Competitive Research 262 429 
USGS Research 586 598 
DOD Basic Research 1798 1998 
DARPA 3248 3103 
The good news. Presidential 


in highlighting Obama’s 2011 budget request. 


The Democratic leaders in Congress are 


science adviser John Holdren had lots to tout 


cost of developing new weapons systems. 
That budget would rise 5.6% in 2011, to 
$61.6 billion. 
Despite enjoying an increase 
at a time when most other parts 
of the federal budget are getting 
squeezed, some science lobby- 
ists say that the research enter- 
prise needs more money to 
remain healthy. The National 
Institutes of Health (NIH), 
which would get a $1 billion 
hike, to $32 billion, needs six 
times that much to maintain its 
momentum from the $10.4 bil- 
lion it received from last year’s 
massive stimulus package, says 
Mark Lively, president of the 
Federation of American Soci- 
eties for Experimental Biology. 


Change 
from FY ‘10 Even so, Lively says he appreci- 
+3.2% ates that the 2011 increase is the 
+7.2% largest proposed for NIH by a 
+7.1% president in 8 years. 
+2.2% The president’s 2011 budget 
+12.0% will be the subject of countless 
+4.4% hearings over the next several 
N/A weeks and months, as Congress 
shapes the document for its own 
+7.6% purposes, not least of which is a 
sie November election that will 
Sse determine if Democrats retain 
463.7% their majority status. In the mean- 
se) time, here are some highlights: 
ety NASA: The White House has 
4.5% 


eliminated the Constellation pro- 
gram—a $3,5-billion-a-year ini- 
tiative aimed at building rockets, 
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aere Abbott 


Obama Shakes Up Satellite Programs 
For Clearer Picture of Earth 


More money to study climate change is a central element in the presi- 
dent’s 2011 budget, and much of that science will be done in orbit. 

The National Oceanic and Atmospheric Administration (NOAA) will 
spend $2 billion—a 58% increase over this year’s budget—to launch 
satellites to take crucial climate measurements for a decade or more. 
That effort will involve a massive—and costly—restructuring of the trou- 
bled National Polar-orbiting Operational Environmental Satellite System 
(NPOESS), which was intended to procure space hardware for both mili- 
tary and civilian purposes. The president's budget also promises a mas- 
sive reinvigoration of earth sciences at NASA, much of it climate-related. 
That endeavor begins with a request for $170 million for a replacement 


Special report: 


After the Haiti earthquake 


Earth monitors. NOAA's Jane Lubchenco (right) with OSTP’s Shere Abbott at 
the science budget briefing. 


of the Orbiting Carbon Observatory, which tracks flows of greenhouse 
gases. The original version crashed after a launch last year. 

Fixing the four-satellite NPOESS system involves negotiating the end 
of a failed three-way marriage between NASA, NOAA, and the Air Force. 
Amid endless technical failures and bickering between the spouses, the 
cost of the 13-year-old multisatellite program ballooned from $6.5 bil- 
lion to $14 billion and fell 5 years behind schedule. Under the terms of 
the divorce the White House negotiated, the Pentagon will build two of 
the multipurpose satellites and NOAA and NASA will fly the other two. 
NOAA will operate the Pentagon’s satellites, and the agencies will share 
ground-support facilities. 

“This is good news,” said oceanographer Tony Busalacchi of the Uni- 
versity of Maryland, College Park, who led a National Research Council 
study of the program. He hopes that, with management woes out of the 
way, “we can start truly planning for the future.” One concern of his, 
however, is that having each agency make its own procurement deci- 
sions could lead to disagreements causing delays. NASA officials are 
hailing their return to monitoring the health of the home planet, a 
responsibility that the Bush Administration removed from their mission 
statement. 

By contrast, Obama’s budget “dramatically expands NASA's climate 
research and observations capability,” says NASA Deputy Administrator 
Lori Garver. The space agency plans to increase its spending on climate 
research by $2 billion over 5 years. The funding could help accelerate 
several missions relevant to climate, such as ICESat II, which uses laser 
altimetry to monitor ice sheets, and SMAP, which measures soil moisture 
to understand fluxes of water vapor, methane, and other elements of 


the atmosphere. 


spacecraft, and other systems for the moon 
mission. Although the moon mission would 
be zeroed out under the Administration’s 
proposal, NASA’s overall budget would 
increase by $6 billion over the next 5 years, 
including a $300 million rise to $19 billion 
in 2011. 

NASA officials say Constellation’s end 
could accelerate space exploration by free- 
ing up money for science and letting the pri- 
vate sector take the lead in developing new 
technologies. The Augustine commission 
found that “key milestones” of Constellation 
“were slipping, and that the program would 
not get us back to the moon in any reason- 
able time or within any affordable cost,” 
explained NASA Administrator Charles 
Bolden Jr. at a media briefing. 

NIH: The 3.2% increase, which Director 
Francis Collins says “could have been a lot 
worse,” reflects five themes he laid out after 


taking the helm last summer: genomics, trans- 
lational research, health care reform, global 
health, and reinvigorating biomedical research. 
The Obama Administration had already sin- 


: gled out cancer and 
Online 


autism, he says, and 
‘ that confluence re- 
sciencemag.org 
S Podcast interview 
with author 


sulted in a proposed 
boost for research on 
t both diseases—4.4% 

Jeffrey Mervis, and 5 7 
further coverage on more for iGancer, to 
blogs.sciencemag.org/ $6.036 billion, and 
scienceinsider. 5% more for autism, 
to $142 million, as 
part of a $222 million initiative at the Depart- 

ment of Health and Human Services. 

Although NIH directors generally don’t 
like being told to spend money on specific 
diseases, Collins says these two areas were 
“particularly well primed for investments.” 
NIH plans to expand its cancer genome 


-ELI KINTISCH 


atlas and to sequence the entire genomes of 
300 autism patients and their parents. 

Those and other priorities will make it 
tougher for scientists competing for NIH’s 
individual investigator—initiated awards. The 
pot of money for new and competing extra- 
mural grants will drop 0.3% to $4.014 billion, 
with a projected decline of 199 awards, to 
9052. With many scientists who received 
temporary, 2-year funding from the stimulus 
package seeking to extend their research, 
Collins expects success rates—the chances 
that a submitted application will be funded— 
to slide in 2011. 

DOE: Within a 4.4% increase for science 
programs, to $5.12 billion, basic energy sci- 
ences would jump by 12.1%, to $1.83 bil- 
lion. Fusion energy sciences would be hit 
with a 10.8% decline in funding, to $380 
million, as the United States slashes its 
contribution in response to a stretched-out > 
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schedule for ITER, an international fusion 
experiment to be built in Cadarache, France. 
“We need to make sure that we don’t get 
ahead of the project as a whole,” says Thom 
Mason, director of Oak Ridge National Lab- 
oratory in Tennessee, home of the U.S. ITER 
project office. Even so, Mason worries that a 
$55 million dip this year will make it harder 
to meet required funding increases in 2012 
and beyond. 

Elsewhere in the department, the fledgling 
Advanced Research Projects Agency—Energy 
would receive $300 million for its first ann- 
ual appropriation. It’s currently spending 
$400 million in stimulus funding. And 
Energy Secretary Steven Chu is asking for 
$34 million to add a fourth energy innovation 
hub—a freewheeling research center modeled 
after the Bell Labs of old—to three that will be 
created this year. Congress trimmed back his 
initial plan last year for eight hubs. 

NSF: Bement admits to being oppor- 
tunistic in advancing a budget that will 


RESEARCH FACILITIES 


mesh with the Administration’s priorities. 
“You have to look at what the Administra- 
tion is trying to do and address the chal- 
lenges that the country is facing,” he notes. 
One such area is training more scientists 
and engineers to work on clean energy 
technologies. NSF is putting up $19 million 
for graduate training and postdoctoral fel- 
lowships in a joint program with DOE, 
which has budgeted $55 million. It will 
continue to expand its larger graduate 
research fellowship and early-career fac- 
ulty development programs. 
On the research frontier, NSF would 
finally allocate the first construction funds 
for a $434 million National Ecological 
Observatory Network to be built over the next 
6 years. A decade in the planning, NEON 
hopes to collect long-term, continent-wide 
measurements of the effects of climate 
change, land usage, and invasive species. 
EPA AND USDA: Competitive grant pro- 
grams would receive a big shot in the arm 


at the Environmental Protection Agency 
and the U.S. Department of Agriculture. 
The new home for extramural funding at 
USDA, the National Institute of Food and 
Agriculture, would boost the size of its 
program by 64%, to $429 million. “It’s a 
pretty incredible number,” says Karl 
Glasener, who directs science policy for 
three professional societies. Glasener 
attributes the jump to Rajiv Shah, who 
oversaw USDA research until he became 
head of the U.S. Agency for International 
Development in December. 

Similarly, the Science To Achieve 
Results (STAR) program at EPA would get 
$87.2 million in 2011, a $25.2 million 
boost from this year’s budget. One compo- 
nent of the program, STAR grants to gradu- 
ate students, would rise by $6.2 million to 
$17.3 million, enough to fund an additional 
240 fellowships. 

—A SCIENCE NEWS STAFF REPORT, 
COMPILED BY JEFFREY MERVIS 


New Korean Science City Caught in Political Crossfire 


Plans for a new $34 billion Korean science 
city inched forward last week when the 
South Korean administration unveiled 
enabling legislation that will eventually go 
to the National Assembly. But opposition 
political parties may thwart the city, pro- 
posed for a spot 120 kilometers south of 
Seoul named Sejong after a former Korean 
ing, in protest of the administration back- 
ing away from also making the location 
home to 13 ministries and government agen- 
cies. If the revised plans are blocked, “I’m 
not sure if [the scientific projects] would 
also be given up,” says Dong-Pil Min, chair 
of the Korea Research Council of Funda- 
mental Science & Technology. 

Plans for a new science city grew out of 
discussions among an informal group of sci- 
entists over how to push South Korea into 
more basic research. “Of the current national 
laboratories, none deals with basic science,” 
says Seung-Woo Hong, a nuclear physicist at 
the Suwon campus of Sungkyunkwan Uni- 
versity. Over several years, the group devel- 
oped plans for a new institute that would pur- 
sue fundamental research across the board. 
They also proposed a $400 million accelera- 
tor that would create beams of exotic isotopes 
at unprecedented energy levels for studies in 
nuclear physics and materials science. 

These ideas coalesced into the call for an 
overall science city. “We wanted to establish a 


really creative environ- 
ment, including a comfort- 
able environment for liv- 
ing” to attract researchers 
from around the world, 
says Hong. The project 
caught the attention of Lee 
Myung-bak, who became 
the Korean president in 
February 2008 and asked 
the education and science 
ministry to further de- 
velop what came to 
be called the Inter- 
national Science and 
Business Belt. 
Meanwhile, in 2002, 
the previous admini- 
stration proposed creating ae 


* Seoul 


@ Sejong City 


Regal fight. Politicians differ on 
the purpose of a new city named 
for Korea’s King Sejong. 


ogy (KAIST), based in 
nearby Daejeon, and 
Korea University, head- 
quartered in Seoul, to 
build new campuses there. 
Four of the country’s 
major conglomerates have 
also committed to build- 
ing high-tech manufactur- 
ing and research facilities 
in Sejong, lured by sweet- 
heart deals for land. 
But national politics 
may scuttle the administra- 
tion’s push for the science 


Sejong as a new capital to allevi- city. Two opposition par- 
ate overcrowding in Seoul. Courts ties have announced they 
ruled moving the capital to be S will fight to keep the origi- 
unconstitutional, however, so . SOUTH KOREA hs nal plans for Sejong to be a 


the plan was revised to move 
parts of the bureaucracy to 
Sejong. The Lee administration 
announced in January that it wants to 

scrap those plans and turn Sejong into an 
education and research hub, incorporating 
the science city proposal as well as sepa- 
rately developed plans by the Korea 
Advanced Institute of Science and Technol- 


governmental administrative 
center when the relevant bills 
come to the assembly, which could be 
as early as next month. “It’s kind of a mess 
now,” says Yong-Taek Im, dean of external 
affairs at KAIST. “To implement this new 
plan, they need approval from the National 
Assembly, which might be tough.” 
—-DENNIS NORMILE 
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SCIENTIFIC PUBLISHING 


Publications and Expats Warn 
Of Russia’s Dangerous Decline 


Russian researchers at home and abroad have 
long warned that Russian basic research is ina 
dangerous, even terminal, decline. Last week, 
information provider Thomson Reuters con- 
firmed their fears, releasing an analysis” of 
worldwide publications that shows that Rus- 
sia’s research output has continued to slide 
since the demise of the Soviet Union. After a 
peak of more than 29,000 papers published in 
1994, the total slumped to 22,000 in 2006, 
although it bounced back somewhat in the fol- 
lowing 2 years. In the 5 years from 2004 to 
2008, Russia produced only 127,000 papers, 
2.6% of the world’s total. During that time, 
Russia ranked behind countries such as China 
(8.4%), Canada (4.7%), Australia (3.0%), and 
India (2.9%) and was only slightly ahead of 
the Netherlands (2.5%). 

The authors say that Russia has slipped 
because of chronic underfunding by the 
national government, an aging scientific work- 
force, lack of public respect for science, and a 
devastating brain drain in the early 1990s, in 
which tens of thousands of researchers left the 
country, mostly to go to Western Europe. “One 
wonders how vulnerable the whole Russian 
system is,” says Jonathan Adams, one of the 
report’s authors. 

The report compares Russia with Brazil, 
India, and China because Adams and co- 
author Christopher King say all four could 
become front-rank economies with their vast 
resources and potential for growth. But while 
the other three countries have seen the number 
of their scientific publications rise, Russia’s 


*"Russia: Research and Collaboration in the New Geogra- 
phy of Science,” http://researchanalytics.thomsonreuters. 
com/grr/. 
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On the up? Russia’s publications are lagging behind 
similar countries, especially China (omitted because 
growth so steep). 


has stagnated (see graph). Among the differ- 
ent research fields (see table), former Russian 
strengths in the physical sciences and engi- 
neering have shown the steepest declines, 
while some fields in biology, medicine, and 
environment have grown. 

Last year, some expatriate Russian scien- 
tists sent President Dmitry Medvedev and 
Prime Minister Vladimir Putin a letter warn- 
ing of “the catastrophic conditions of funda- 
mental science.” Particle physicist Alexander 
Belyaev of the University of Southampton in 
the United Kingdom, one of the authors, says 
there was a positive reaction—the president 
mentioned the letter in speeches—but little 
has changed. “The government doesn’t seem 
to understand the difference between funda- 
mental and applied science,” he says. Grad 
students don’t get enough to live on, Belyaev 
says, so anyone who is serious is forced to 
move abroad. More than 190 scientists have 
signed the letter online. —DANIEL CLERY 


RUSSIA'S TOP FIELDS BY WORLD SHARE OF PUBLICATIONS 2004-2008 


% GROWTH 
FROM 1999-2003 


WORLD 
FIELD PAPERS | SHARE 
(%) 
Physics 34,548 7.39 
Space Science 4122 6.9 
Geosciences 9213 6.76 
Chemistry 28,564 4.87 
Mathematics 5795 4.63 
Materials Science 7594 3.28 
Engineering 9095 2.3 |-21.5 
Microbiology 1622 99) 
Molecular Biology & Genetics 2729 1.97 
Biology & Biochemistry 4998 1.84 
Neuroscience & Behavior 1699 1.16 
Plant & Animal Science 3163 iy 
Environment/Ecology 1411 1.07 
Computer Science 1481 0.99 
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Sciencelnsider 


From the Science 
Policy Blog 


Sciencelnsider has analyzed the Adminis- 
tration’s budget proposals for individual 
agencies in a series of postings through- 
out the week. 


Philanthropists Bill and Melinda Gates 
have spent some $4.5 billion on vaccine 
research, development, and delivery since 
creating their foundation in 1994. Now 
they have pledged to spend a total of 
$10 billion over the next decade. Goals 
include increasing vaccination rates for 
measles, Haemophilus influenzae type B, 
pneumococcal disease, and rotavirus 
while rapidly introducing a new malaria 
vaccine by 2014. http://bit.ly/9yvhDD 


China's top climate negotiator, Xie 
Zhenhua, said he had an “open mind” on 
whether humanmade carbon emissions 
were contributing to climate warming. The 
comment came during a meeting of four 
key developing nations that were meeting 
to firm up plans to voluntarily cut green- 
house gas emissions under the nonbinding 
Copenhagen Accord. http://bit.ly/agvbvo 


Senator Ben Cardin (D-MD) has intro- 
duced a bill that would repeal a provision 
of the Recovery Act that exempted the 
National Institutes of Health from the 
normal 2.8% set-aside to fund the Small 
Business Innovation Research grants 
programs, which covers 11 federal agen- 
cies. Cardin’s bill would require NIH to 
spend $150 million of its Recovery Act 
money on such grants. http://bit.ly/918LL4 


Baylor College of Medicine (BCM) in 
Houston, Texas, has decided to remain an 
independent institution after flirting with 
joining Rice University or Baylor Univer- 
sity in Waco. Many faculty members at 
nearby Rice fiercely opposed the first pro- 
posed merger; BCM faculty members, stu- 


dents, and alumni opposed a possible 
alliance with Baylor University, arguing 
that the Baptist university's religious mis- 
sion was in conflict with that of the med- 
ical school. http://bit.ly/b1D0yO 


For the full postings and more, go to 
blogs.sciencemag.org/scienceinsider. 
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CONSERVATION 


Big Battle Brewing Over Elephants 
At Upcoming CITES Meeting 


Wildlife advocates and scientists are con- 
cerned that a proposed sale of elephant tusks 
may spur even more poaching of the animals 
in Africa. International trade in ivory is 
banned by the Convention on International 
Trade in Endangered Species of Wild Fauna 
and Flora (CITES), but Tanzania and Zambia 
have asked the convention for a special sale 
of 112 tons of ivory. 

Such a sale “would be devastating,” espe- 
cially because poaching is already on the 
rise, says zoologist Iain Douglas-Hamilton 
of Save the Elephants in Nairobi. “It would 
risk a further escalation of demand.” How- 
ever, the connection of one-time ivory sales 
to increased poaching has not been conclu- 
sively demonstrated, says David Morgan, 
the chief scientist for CITES in Geneva, 
Switzerland. The proposals will be consid- 
ered when representatives from 175 nations 
meet 13 to 25 March in Qatar. 

The current trade ban was put in place in 
1989, after massive losses of elephants dur- 
ing the 1970s and ’80s. In East Africa, 
poachers reduced populations by 50% to 
80% and probably by even more in Central 
Africa. The ban worked: After 1989, popula- 
tions in East Africa began to recover. Mean- 
while, other countries, such as South Africa, 
had been amassing stockpiles of ivory col- 
lected from elephants that died naturally or 
nuisance animals that had been killed, and 
they wanted to sell the ivory and use the pro- 
ceeds for conservation. 

In 1997, CITES allowed three countries— 
Namibia, Botswana, and Zimbabwe—to sell 


a total of 50 tons of ivory. Because of fears 
that the sale would stimulate demand for 
ivory and encourage poachers, CITES cre- 
ated monitoring networks to keep tabs on ille- 
gal killings of elephants and seizures of ivory. 
These official studies indicated that poaching 
had declined in the years after the sale. 

After getting permission in 2002, these 
three countries and South Africa sold 
another 106 tons of ivory. As part of that 
agreement, CITES put a 9-year moratorium 
on further sales (Science, 22 June 2007, 
p. 1678). Buta loophole was added at the last 
minute: The moratorium would apply only to 
countries that had previously sold ivory. 
That left the way open for other nations. 
Last November, Tanzania asked CITES for 
permission to sell 90 tons of ivory, and Zam- 
bia asked to sell 22 tons, all from natural 
deaths and culling. The two countries argue 
that the ivory trade is “essential to the con- 
servation of elephants,” because it will help 
resolve the growing conflicts between 
humans and elephants in their countries. 
“Elephant products such as ivory picked up 
from the wildlife-management areas could 
increase the value of elephants to those com- 
munities,” the delegations claim. 

Opponents, including international 
animal-welfare groups, scientists, and a 
coalition of 23 African countries, say the 
proposal violates the intent of the 2007 
agreement. Further, CITES requires ade- 
quate law enforcement to prevent poaching 
and to stop illegal trade before a sale can be 
allowed. According to the monitoring net- 


Loaded. Kenya and other nations oppose ivory sales, 
which they fear will lead to more poaching. 


works, people in both Tanzania and Zambia 
are still “heavily involved” in the movement 
of large shipments of illegal ivory. 

The main concern is that a legal sale 
would stimulate demand for ivory and create 
a parallel illegal trade, particularly in China, 
where a growing middle class sees ivory as a 
symbol of prosperity. “It is a virtually insa- 
tiable demand that elephants cannot satisfy,” 
says Will Travers of Born Free, an advocacy 
group in Horsham, U.K. 

There is no definitive proof of that connec- 
tion from the official monitoring networks, 
however. “The results show that any link 
between the ivory sales that have taken place 
and levels of elephant poaching remains tenu- 
ous at best,” says Morgan. Daniel Stiles, an 
expert on wildlife trade based in Diani Beach, 
Kenya, who has interviewed dozens of ivory 
traders, is skeptical that such sales increase 
demand. In the April 2005 issue of Environ- 
mental Conservation, he reported no sign of 
increased demand after the 1997 sale. 

Other scientists counter that the monitor- 
ing networks aren’t quick or complete enough 
to show the link between ivory sales and 
poaching. Patrick Omondi of the Kenya 
Wildlife Service criticizes the analysis of one 
network, Monitoring Illegal Killing of Ele- 
phants (MIKE), and says that in Kenya they 
have seen greater poaching, which they attrib- 
ute to previous sales. The MIKE data are “not 
up to speed with the reality on the ground,” he 
says. Travers agrees that MIKE’s data are so 
patchy that they should not be the basis for 
deciding whether the sale goes forward. 

Everyone agrees, however, that poaching 
is now on the rise. The number of illegally 
killed elephants found has increased from 47 
to 232 over the past 3 years in Kenya, a coun- 
try with relatively good management and 
enforcement. TRAFFIC, a network run by 
the WWE and IUCN, says that CITES needs 
to focus on improving enforcement in the 
three countries “most heavily implicated” in 
the ivory trade, the Democratic Republic of 
the Congo, Nigeria, and Thailand. 

Momentum appears to be building 
against the proposed sales. The United King- 
dom announced last week that it is opposed. 
And the coalition of 23 African countries 
sent representatives to Brussels last week to 
lobby the European Union. The coalition has 
its own proposal for CITES: a 20-year mora- 
torium on ivory sales in order to put better 
controls in place and to study the impact of 
legal sales. 

-ERIK STOKSTAD 
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EVOLUTION 


‘Toadness’ a Key Feature for Global 
Spread of These Amphibians 


It takes a special kind of toad to hop around the 
world, colonizing continent after continent. 
And Ines Van Bocxlaer knows the secret to that 
success. Through an extensive analysis of 228 
toad species, the graduate student at the Free 
University of Brussels (VUB) has come up 
with a list of traits that made such a worldwide 
spread possible. On[page 679} she and her col- 
leagues reveal what enabled some toads to 
leave South America, where the first toads orig- 
inated, for places far afield. “This study ele- 
gantly analyzes specific morphological traits 
and correlates them with successful range 
expansion,” says Jennifer Pramuk, a herpetolo- 
gist at the Bronx Zoo in New York City. 

That global spread may have accelerated 
speciation of this group of toads, says Franky 
Bossuyt, Van Bocxlaer’s adviser. The team’s 
work also suggests one way to evaluate if toads 
newly introduced to a location will become 
pests. “It’s a really good start to thinking about 
what kinds of attributes make for an invasive,” 
says Darrel Frost, a systematist at the American 
Museum of Natural History in New York City. 

In 2009, using a combination of nuclear 
and mitochondrial DNA, Van Bocxlaer and 
her colleagues built a family tree that encom- 
passed 86 toad species. Until that time, most 
systematists assumed that the Bufo genus of 
so-called true toads, which includes the cane 
toad, common toad, western toad, and others 
with short legs and warty, thick skin, belonged 
on the same branch. But “they didn’t fall 
together,” Bossuyt recalls. 

Instead, this quintessential “toad” form has 
emerged multiple times on multiple evolution- 
ary branches. Moreover, when the researchers 
looked at where toads with this characteristic 
look were distributed across the globe and 
when these amphibians first 
appeared in a particular 
place—fossils and other 
evidence provided that 
timing—they 
saw that this 


kind of toad tended to be the first toad to arrive, 
and thrive, in a new continent or region. 

Bossuyt and his colleagues began to wonder 
if the Bufo “look” represented a suite of traits 
that equipped those toads for global explo- 
ration. They came up with a list of seven traits 
that might help the toads expand their reach. 
For example, one was the ability to live away 
from water instead of being dependent on high- 
humidity, damp, and even wet places to survive. 
“Tf you need constant high humidity, you can’t 
go far,” says Bossuyt. 

Other traits that favored spreading 
included the possession of poison glands, to 
deter predators, and internal fat-storage bod- 
ies, for energy reserves. Large size likely 
helped as well, the researchers concluded. 
Toads that were flexible in where they lay eggs 
and could make use of temporary wet spots 
had an edge, too. Large clutch sizes, consist- 
ing of thousands of eggs, would also be bene- 
ficial, as would be larvae that could feed off 
the environment rather than have to rely on 
energy stores provided by the mother. 

To see whether toads that dispersed had all 
these traits, Bossuyt’s team added another 
142 species to the toad family tree, so that it 
comprised 43% of all known toad species. At 
the same time, they compiled the ranges of 
each species from published records. The 
results are convincing, says Pramuk: “Genera 
of toads with the typical ‘toad’ morphology 
were ideally adapted for surviving and, appar- 
ently, colonizing the globe.” 

Knowing what kind of toads spread in the 
past should help us understand which ones will 
survive if accidentally transported into a new 
environment, adds Ben Phillips, an evolution- 
ary biologist at the University of Sydney in 
Australia. This work, he says, 
“may have far-reaching conse- 
quences for ... how we might 

predict which taxa are likely 
to become invasive.” 
—ELIZABETH PENNISI 


Cross-continental hopper, . 
The common Indién toad has 
geaturesthat enabledSt to 
“ become widespread: 
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Foster Care for Chimps 
When Victor's mother died from anthrax, 
Fredy came along and adopted him. He 
shared his home with Victor every night, car- 
ried him on his back, and even gave him 
some of his precious food. Such altruistic 
behavior is one of the noblest attributes of 
our species. But Fredy and Victor aren't 
humans—they’re chimps. A new study of 
these primates in the wild suggests that they 
are far more selfless than scientists have 
given them credit for, though some 
researchers have their doubts. 
http://bit.ly/orphanchimps 


A Master Blueprint for Making Stars 
t's a puzzle that has 
bedeviled astronomers 
and theorists for years: 
Do massive stars form 
in the same way as our 
sun or by some other 
process? Now a team of 
researchers has gone a 
long way toward pro- 
viding the answer by 
catching a massive star in the act of condens- 
ing. Their verdict is that this massive star, at 
least, seems to follow the same mechanism 
as smaller stars. http://bit.ly/starblueprint 


How Carnations Conquered Europe 
The humble carnation in your Valentine’s Day 
bouquet may be cheap, but it rivals the most 
exotic of tropical plants in evolutionary spec- 
tacle. New research reveals that the flower’s 
300 species emerged at a record rate. Many 
of these varieties arose in Europe, suggesting 
that the continent may have been more of an 
evolutionary hot spot than scientists thought. 
http://bit.ly/europeancarnations 


The Shocking Truth About Running Shoes 
Haile Gebrselassie, the world’s fastest 
marathoner, once said of his early career, 
“When | wore shoes, it was difficult.” A new 
study reveals why: Humans run differently in 
bare feet. Researchers have discovered that 
sneakers and other sports shoes alter our nat- 
gait, which normally protects us from the 
impact of running. 
http://bit.ly/noshoesneeded 


Read the full postings, comments, and more 
on sciencenow.sciencemag.org. 
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A network of tropical disease expert pulled off a 
remarkable relief effort as a group of their colleagues 
miraculously survived the earthquake 


A FEW MINUTES BEFORE 5 P.M. ON 12 JAN- 
uary, Marie Denise Milord, Sarah Craig, 
Logan Anderson, and Nisha Garg had just 
taken their drinks out to the fourth-floor bal- 
cony of the swank Hotel Montana in Port-au- 
Prince. “It was so beautiful,” says Milord, a 
Haitian physician and expert on neglected 
tropical diseases. “We sat just leaning on 
the railing and looking at the beauty of 
Haiti and saying how positive things 
seemed to be happening now.” And then 
the earthquake hit. 

There was a noise “like 
a freight train,” recalls 
Milord. The railing dis- © 
appeared, and she and her 
colleagues were thrown to the 
floor. “The building below us just 
collapsed, and we could feel it going down 
each floor until we ended up somewhere 
between the first and second floors with rub- 
ble beneath us,” recalls Craig, who manages 
the Haiti Program at the University of Notre 
Dame (UND) in South Bend, Indiana. 

The dust was horrendous, but the four were 
together, scratched and bruised but otherwise 
okay. They immediately began to search for 
colleagues who had been with them all day at 
the Montana, where they were reviewing a 
collaborative program run out of the Haitian 


Port-au-Prince 
Léogane. 


Ministry of Public Health and Population in 
cooperation with UND and IMA World 
Health to fight neglected tropical diseases. 
The program, which stretched back more than 
20 years, was on the verge of a major push 
within Haiti to eliminate lymphatic 
filariasis (LF )}—a debilitating, 
mosquito-borne para- 
sitic disease (see 
sidebar, p. 636). The 
meeting was sched- 
uled to go on until 
5 p.m.; if it had not 
\ ended early, they 
: would likely all have 
been killed. 
The first person 
they spotted was 
Thomas Streit, a Catholic priest and biologist 
at UND who founded the program, near what 
remained of the pool on the first floor. They 
scrambled down to join him, and then all began 
searching for program assistant Claudy 
Bertrand and their driver, Wilfred. They pulled 
Bertrand from the wreckage with a broken leg. 
After splinting his leg and doing what they 
could for the injured around them, the six 
made their way to a safer spot, by a flattened 
house that still had a manicured lawn and a 
swimming pool—which meant drinkable 


HAITI 


Maghitude-7.0 
earthquake 


water. They spent the night outside with 40 or 
50 others, many injured. 

Streit had managed to get through on his 
cell phone to the UND office in South Bend 
at 5:20 to say they were alive. Then the phones 
went dead. Cut off from the world, the group 
had no idea if the partners who had joined 
them at the meeting—some, like Garg, from 
the U.S. Agency for International Develop- 
ment NTD program, others from the U.S. 
Centers for Disease Control and Prevention 
(CDC), the Haitian health ministry, and IMA 
World Health—had managed to escape. 
(Three IMA World Health staff were pulled 
from the rubble of the hotel unharmed 2 days 
later. Later, the group learned that all except 
one person at the meeting made it out alive.) 
And the six gathered on the lawn had no idea 
if their colleagues and friends in Léogane, 
some 30 kilometers west of Port-au-Prince 
where the UND Neglected Tropical Disease 
Program of Haiti is based, had survived, or 
even if the town was still standing. 

Nor did they know that back in the 
United States, their colleagues at CDC and 
UND, along with an ever-expanding group 
of UND alumni, physicians, missionaries, 
and private citizens, had launched a remark- 
able relief effort, commandeering planes 
and helicopters to get medical supplies to 
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Léogane, which had been all but forgotten in 
the first days after the quake. 


Anumbness 
Once they pulled themselves from the 
wrecked hotel and saw their injured colleague 
airlifted out, the UND group and their USAID 
colleague were determined to get home. There 
was so much suffering, but without medical 
supplies, they felt useless, recalls Craig. 

By Wednesday evening, thanks to help 
from a battalion of United Nations (U.N.) 
troops, the group reached the U.S. Embassy, 
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Unbelievable.” Jean Marc Brissau, Thomas Streit, Wesly Pierre, and Marie 
Denise Milord have spent years fighting disease in Haiti. Streit and Milord 


where they and others spent another night on 
the lawn while embassy staff tried to arrange 
transport back to the States. The exit plan 
didn’t include Milord, however, who is at 
UND on a Fulbright scholarship but is not a 
USS. citizen. She says she understands that 
the embassy was concentrating on getting 
Americans out, but Streit was distressed. 
Refusing to leave, he stayed on until her 
evacuation was arranged with the help of 
UND that coming weekend. 

Craig, Anderson, and USAID’s Garg got to 
Santo Domingo on Thursday night, where 
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@j ®efore and after. The Hotel Montana, where 


health experts were meeting when the quake 
struck on 12 January. 


they were greeted with food, water, a change 
of clothes, and a bed. The bed was the best 
part, says Anderson, who handles finances for 
the group in South Bend. By Friday, they were 
back home. 

A week later, when they regrouped at 
UND, the team was still in shock, amazed to 
be alive and marveling at their lucky breaks— 
but also filled with a wrenching sorrow for the 
devastated country where they have worked 
for so long. “There is a numbness,” says 
Patrick Lammie, a longtime partner in the pro- 
gram and parasitologist at CDC who has 
devoted most of his career to research in Haiti. 

For now and for the months ahead, Lammie 
says, everyone’s efforts will be focused on 
emergency relief for Léogane. But at the same 
time, the partners are beginning to get a fix on 
what was lost—their program was considered 
one of the few success stories in Haiti—and 
how they can pick up the pieces and move 
beyond their LF work to help rebuild the pub- 
lic health system in this shattered country. 


Emergency intervention 

Meanwhile, in the days following the earth- 
quake, the group’s many collaborators at CDC 
and elsewhere were frantic, wondering 
whether their friends in Léogane were alive. 
On Thursday, Els Mathieu, an epidemiolo- 
gist in the LF program at CDC in Atlanta, 
Lammie, and several other colleagues received 
desperate e-mails from Jean Marc Brissau, 
who joined the UND Haiti program as a Cre- 
ole translator in high school and now directs it 
in Haiti, and Wesly Pierre, the program 
administrator in Léogane. Some 80% to 90% 
of the buildings had been destroyed, includ- 
ing a school, where several hundred children 
were killed, and the rectory where Streit has 


survived the collapse of Hotel Montana; Brissau and Pierre coordinated a remark- 
able relief effort in Léogane. 
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The Long Battle Against a Horrific Disease 


When the earthquake devastated Port-au-Prince and the surrounding area on 12 
January, a long-running program to combat lymphatic filariasis (LF) was gearing 
up for a major assault on this devastating disease. The earthquake was the latest 
setback in an effort that had, at last, seemed closer to success. A loose-knit net- 
work of experts who have worked on the program over the years swung into 
action in the immediate aftermath of the earthquake (see main text); now they 
are contemplating the future of this and other public health programs in Haiti. 
LF is a parasitic disease transmitted person to person, like malaria, by 
infected mosquitoes. Although LF doesn’t often kill, it is a horribly debilitating 
‘isfiguring disease of swollen limbs and impaired mobility, hitting the poor 
disproportionately, often ostracizing them and rendering them unable to work. 
ly 80% of LF in the Western Hemisphere is found in Haiti, likely imported 
from Africa with the slave trade; up to half the population is infected in areas of 
high transmission, and 10% or more have overt disease in many communities. 
In Haiti, the parasite is Wuchereria bancrofti and the vector is Culex quinque- 
fasciatus, which breeds in dirty water. When an infected mosquito bites someone, 


and 
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it deposits larvae, which then travel to 
the lymphatic system, where they grow 
and reproduce, damaging the lymphatic 
system and leading to the irreversible 
swelling characteristic of the disease: 
lymphedema and elephantiasis of the 
leg, usually in women; and in men, 
hugely enlarged scrotums that can 
descend to the knees. The adult females 
produce microscopic worms called 
microfilariae that then swarm into the 
bloodstream to be picked up the next 
time a mosquito bites. 

The LF-elimination program in Haiti 
grew out of a small basic research proj- 
ect started by the U.S. Centers for Dis- 


lived 6 months out of every year. But the hos- 
pital, the UND residence, and nearby nursing 
school were standing. With no antibiotics or 
painkillers, Luccene Desir, a physician with 
the Haiti program, along with a few other doc- 
tors and nurses and a missionary couple, were 
treating the injured as best they could. 

“Tam finally able to get some internet 
connection,” wrote Brissau on Thursday, 
14 January, 2 days after the quake. “Leogane 
needs a lot of help. No one has reached 
Leogane. People are dying here because of 
infection, | have taken everything possible 
[supplies] in our depot to help them but it is 
not enough. ... Continue to pray for us 
because we may soon be facing hunger if we 
cannot get help here.” 

We had to do something fast, recalls 
Mathieu, who had worked for 2 years in 
Léogane. Official channels would be too 
slow. So Mathieu, a former fieldworker for 
Médecins Sans Frontiéres (MSF), mustered 
up the skills she had used in Chechnya, 
Sudan, and other war zones to get planes and 
supplies to Léogane. 
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And so began a herculean 48-hour effort 
by Mathieu, Lammie, and many others, all 
acting as private citizens and pulling any 
strings they had, appealing to wealthy friends 
in Atlanta and total strangers across the coun- 
try who might have supplies or planes. 

But how to reach Léogane, many kilometers 
from any airport? Mathieu remembered tales of 
aroad near Léogane that drug dealers used as a 
landing strip. Pierre and Brissau quickly got the 
GPS coordinates—latitude 18°29°54.59”N, 
longitude 72°37°35.24”W—measured the 
strip, and sent photos so others could assess 
whether it was intact enough to land a plane. 

By Saturday, the mushrooming team in 
the United States had identified a plane, 
thanks to Robin Eissler of Jet Quest, and a 
pilot willing to land on an unknown road 
after an earthquake, but not enough sup- 
plies. Then they heard about a team of doc- 
tors in lowa with supplies in search of a 
plane. The physicians, supplies, and plane— 
almost all donated—converged on Sunday 
in Fort Lauderdale, Florida. 

The first plane arrived in Léogane Sunday 


Streit, a Catholic priest at the University of Notre 
completed his Ph.D. in vector biology. By 1995, Streit, known affectionately by 
most as Pere Tom, was living in the rectory in Leéogane and working out of Hépi- 
tal Sainte Croix, directing the program as it morphed from a community 
research project into a government-directed public health intervention. 

By the mid-’90s, researchers in Haiti and elsewhere had discovered that a 
two-drug regimen, given just once a year, could kill microfilariae in the blood- 
stream—and thus block transmission—for about 


ease Control and Prevention (CDC) during the early 1980s. Patrick Lammie, a 
parasitologist who now leads the CDC LF program, 
was a graduate student at Tulane University to study host-parasite interactions 
and, like many others, became hooked on the country. In 1993, after he had 
ammie took on an unusual postdoc about his own age, Thomas 


first went to Haiti when he 


Dame (UND) who had just 


year, giving hope that the 


it actually be eliminated rather than just controlled. However, the 
antifilarial drugs—DEC (diethylcarbamazine) or ivermectin, which are given in 
combination with albendazole to kill intestinal worms—aren’t as effective at 
killing adult worms as they are at killing microfilariae. That meant that LF elim- 
ination would require mass drug administration (MDA) to the bulk of the popu- 


lation for about 5 years—the estimated 
life span of the adult worm. 

In 1997, the World Health Assembly 
passed a resolution calling for the 
global elimination of lymphatic filaria- 
sis “as a public health problem” by 
2020. To kick-start the effort, Glaxo- 
SmithKline and Merck pledged to 
donate their drugs for the lifetime of 
the effort. 

Lammie, Streit, and their col- 
leagues, who by then included Marie 
Denise Milord, a physician and neg- 
lected tropical disease expert, physi- 
cians Madsen Beau de Rochars an 
Abdel Direny, and a lawyer, Jean Marc 


afternoon. By Wednesday, they were up 
to four flights a day, all met by Pierre an 
Brissau, says Ashley Aakesson, who directs 
the Children’s Nutrition Program in Léogane 
and had just gotten out herself—and then 
volunteered to coordinate the transport and 
supplies from the United States. Pierre and 
Brissau had also mustered Sri Lankan U.N. 
troops to help with security while they trans- 
ported supplies to the makeshift clinic at the 
nursing school. Outside aid groups also began 
to trickle in on Sunday, from Iceland, Japan, 
and Canada, as well as international organiza- 
tions such as MSF and Save the Children. 

Countless people, such as Ralph Pennino, 
a physician and UND alum in Rochester, 
New York, and many others, helped in the 
United States and on the ground in Léogane. 
“T can’t believe what we accomplished in a 
few days,” says Aakesson. “I was so 
amazed,” adds Mathieu. But the real 
“heroes” are Pierre and Brissau, she and oth- 
ers say. “Wesly and Jean Marc were unbe- 
lievable,” adds another CDC colleague- 
turned-telief worker. 


5 FEBRUARY 2010 VOL327 SCIENCE www.sciencemag.org 


CREDIT: L. ROBERTS/SCIENCE 


CREDITS (TOP TO BOTTOM}: L. ROBERTS/SCIENCE; DR. RALPH PENNINO. 


Brissau, who now directs the UND Haiti 
program in Léogane, wanted to see if 
elimination was possible in Haiti. With 
money from CDC and the Bill and 
Melinda Gates Foundation, UND started 
a pilot program in 2000 in Léogane, a 
articularly hard-hit area, treating more 
than 100,000 people in the first year. 

At the outset, Brissau told a reporter 
during a visit in October, no one knew 
how widespread LF was in Haiti. Studies 
ed by Milord and colleagues showed 
that LF was distributed across the entire 
country, rather than just in isolated 
jackets, as earlier research had suggested. So that meant more money, more 
partners, and more community workers would be needed. Impressed by a 
presentation by Milord to Haitian President Réne Préval on LF epidemiology, 
the health minister invited Milord to found and run a national program from 
Port-au-Prince. 

From day one, the collaborative program operated on a shoestring. Unable 
to tackle the entire country at once, Lammie, Streit, and colleagues decided to 
focus on the worst areas first, where transmission was most intense, using 
Léogane as a test case to see what worked and what didn’t. The first year was a 
rousing success, reaching more than 70% of the targeted population, who 
agreed to swallow the handful of pills from a little paper cup. But the second 
year, the numbers dropped dramatically—the first sign of noncompliance that 
has continued to plague the program. In retrospect, says Brissau, the commu- 
nity health workers had not adequately prepared the population for the side 
effects of the drugs. Those with low levels of parasites were fine. But those with 
igh levels tended to get violently ill for a couple of days with flulike symp- 
toms, as the microfilariae and some of the adult worms began to die. 

The researchers wanted to switch to administering DEC in smaller doses in 
fortified salt, along with iodine (still missing in Haiti). That strategy worked well 
in China, with no side effects, says Brissau. But salt manufacture and distribu- 
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Detectives. Researchers in Léogane 
have tracked the extent of disease. 
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tion in Haiti has been repeatedly foiled by a lack of funds. 

The team refined their message, gradually regaining community trust and 
expanding the MDAs with the help of additional partners. By 2005, they had 
treated 1.2 million people during that year, and Léogane was on its sixth round 
of MDAs. But when the researchers checked children’s blood for antigen and 
antibody, they found that transmission was still ongoing, as a “very scary” 15% 
or more of children born since the MDAs began were still infected, said Brissau. 
He and others blame the continued transmission on noncompliance, a steady 
influx of untreated people from Port-au-Prince, and the intensity of transmis- 
sion in that part of Haiti. 

Then in 2003, violence exploded across the country. One of the staff mem- 
bers was taken hostage and the driver injured. Another team member, Joseph 
Dorvil, driving home in a UND car, was murdered at an illegal checkpoint—his 
body never returned. Others were robbed and beaten. Two urogenital surgeons 
on staff, who performed operations to drain fluid and remove damaged tissues 
from the scrotum (hydrocele, as the genital swelling is called, can be surgically 
corrected, but elephantiasis cannot) fled the country. Hopital Sainte Croix was 
nearly shuttered, leaving just outpatient clinics for LF treatment and a separate 
program to treat severely malnourished children, run by the Children’s 
Nutrition Program out of Chattanooga, Tennessee. Then in 2006, worried 
international donors didn’t renew their funds for the LF program and the MDAs 
ceased. By 2007, infection rates had returned to 2003 levels. 

When Gates resumed funding in late 2006 and USAID began contributing 
through IMA World Health in 2008, the program expanded rapidly, reaching 
3 million people that year, despite the four hurricanes that washed out roads 
and entire communities and made MDAs in some areas impossible. In 2009, 
the program reached 3.8 million people; the goal for 2010 was 4.5 million. 

But by that time, Streit was convinced that MDAs alone would not be 
enough. Getting DEC, along with iodine, into dietary salt was crucial, he says, 
as well as measures such as bed nets and insecticide spraying to control the 
mosquito population—which would also help fight malaria and dengue. Such 
a combined approach may finally be possible when the immediate crisis has 
passed and various groups working in Haiti pick up the pieces of their pro- 
grams and work together, as Streit hopes they will. LR. 


Rebuilding 
Three weeks later, the situation in Léogane 
was still desperate. It is hard to know where to 
begin, says Streit, “the needs are so massive.” 
Infections were beginning to set in; more 
orthopedists were needed to set bones and 
amputate limbs. Health workers on the 
ground were bracing for an explosion of 
dengue fever and LF, as the mosquitoes that 
transmit both diseases flourish in the now- 
abundant sewage and exposed containers, and 
very few bed nets or tents were 
available for the displaced. Food 
and water were still scarce. The 
first shift of exhausted doctors and 
nurses was about to cycle out, to 
be replaced by a fresh team. 

For now and the coming 
months, the UND Haiti program 
has put LF on the back burner, as 
have many other aid groups work- 
ing in Haiti on their specific dis- 
eases, while they concentrate on 
immediate relief. “We have to be 
realistic; filariasis and deworm- 


www.sciencemag.org 


ing, while important, can’t be at the top of any- 
one’s agenda now,” Lammie says. 

But at the same time, at a meeting in South 
Bend on 22 January, the Haiti program partners 
were beginning to think about how they can 
minimize their losses and eventually regain 
momentum. “We know we will lose time, but 
can we not lose years and years?” Lammie asks. 

Already it is clear that when the program 
does resume, it will be dramatically different, 
say Lammie and Streit. They have begun talk- 


ing with partners at IMA World Health, Pan 
American Health Organization, the Inter- 
American Development Bank, and others 
about putting together an integrated program 
to address all neglected tropical diseases, not 
just LE, in all of Haiti. 

Going forward, they want to bundle these 
interventions with other essential health 
services—delivering bed nets to fight malaria, 
for instance, or fortified foods and dietary sup- 
plements such as vitamin A and iodine—for 
the many malnourished, as well as measles 
vaccines and other routine immunizations. 
“We have the network and experience on the 
ground. So what else can we deliver? How can 
we combine our work with other health serv- 
ices?” asks Lammie. With the world’s attention 
focused on Haiti and pledges of billions of dol- 
lars to come, they say, it just might be possible, 
finally, to build a decent public health system 
there. But, cautions Streit, it will take “a long, 
long time.” —LESLIE ROBERTS 


Leslie Roberts visited Léogane and Port-au-Prince for a 
reporting trip in October 2009. 
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REBUILDING 


From the Bottom Up 


Haiti needs robust buildings that cost little and are acceptable to locals. 


Can scientists provide them? 


Rebuilding the cities of Haiti to withstand nat- 
ural disasters seems both simple and impossi- 
ble. Engineers in the United States, Europe, 
and Japan have known for decades how to 
buttress buildings against earthquakes. The 
1989 quake near San Francisco, California, 
for example—although it had the same mag- 
nitude as the Haiti tremor (7.0)—killed only 
63 people. But Haiti simply doesn’t have the 
money to adopt first-class solutions. 
Although various governments pledged to 
support Haiti over the next decade at a meet- 
ing in Montreal, Canada, in late January 
(Haiti is seeking $3 billion), Haiti has very 


Time out. Pierre Fouché, a Haitian 
earthquake engineer, aims to help 
rebuild his homeland quickly. 


little time to develop a rebuilding plan. With 
perhaps 170,000 dead and most survivors 
living outdoors and scared to enter standing 
structures, Port-au-Prince cannot wait. Never- 
theless, scientists do see quick and cheap 
ways to rebuild—if Haiti is willing and able to 
accept foreign ideas. 

Long vulnerable to disaster, Haiti has seen 
the danger grow in recent years, says Pierre 
Fouché, a Haitian citizen studying at the Uni- 
versity at Buffalo’s graduate school and, he 
says, one of Haiti’s few earthquake engineers. 
Jobs drew millions to Port-au-Prince from 
rural areas, and the crowding forced people to 
build homes on dangerous slopes or unstable 
wetlands. He says the government lacked the 
power to dissuade anyone: “You just select a 
place to live and put up a house there, and no 
one is going to say anything.” 

Compounding that problem, the buildings 
themselves are made of concrete that’s heavy 
and brittle, the worst combination in an earth- 


quake. People also tend to skimp on rein- 
forcements like rebar, partly because no one 
in Haiti enforces building codes, Fouché 
says. Even when people do try to build safe 
houses, they cannot always trust the material 
they buy: There are already reports of people 
wrenching steel out of fallen buildings after 
the earthquake, bending it straight, and 
reselling the brittle, compromised rods. 

Buildings toppled for less censurable rea- 
sons, too. Some were designed to withstand a 
more common natural threat, the sheer force 
of hurricane winds, not the back-and-forth 
shaking of earthquakes. Hurricane winds 
also produce a lift force that can pull 
rooftops off. Heavy roofs were there- 
fore popular, but they became deadly 
during the quake. Perhaps most 
poignantly, people in Haiti saw mod- 
ern concrete houses as a status symbol 
and aspired to have one. Indeed, the 
earthquake devastated both upper- 
and lower-class neighborhoods in 
Port-au-Prince. Both the shanties and 
the presidential palace fell. 


New ideas 

Much research into earthquake- 
resistant buildings today focuses on 
fine structural damage—research 
almost too sophisticated to apply to 
Haiti. Before he began developing ideas for 
cheap homes in seismically vulnerable 
countries, John van de Lindt, a civil engineer 
at Colorado State University, Fort Collins, 
studied topics such as how to alter the pat- 
terns of nails in wooden houses, mostly to 
prevent small frame shifts. He admits, “In 
Haiti, this stuff is overkill. You’re basically 
trying to prevent collapses.” 

Some engineers want to rethink the basic 
materials used in developing countries. 
Darcey Donovan advocates replacing con- 
crete walls with load-bearing straw bales. 
Her nonprofit group, Pakistan Straw Bale 
and Appropriate Building, erects 7.3-m-by- 
7.3-m houses in northwest Pakistan, which 
was ravaged by an earthquake in 2005. The 
bales are stacked and bound together top to 
bottom with a fishnet, which keeps them 
from slipping apart during shaking, then 
plastered over. Her team has built 11 houses 
so far, with six more coming. The design 


recently survived, with minimal damage, a 
violent test on a shake table, a large platform 
that simulates earthquakes. Because the 
tough, fibrous plants used for straw are ubig- 
uitous, Donovan believes the bale design 
could easily be exported, and her team is dis- 
cussing traveling to Haiti. 

Donovan would like to eliminate concrete, 
but other engineers don’t mind it, provided 
people use it safely. James Kelly, professor 
emeritus of civil engineering at the University 
of California, Berkeley, expects people in 
Haiti to continue building with concrete 
because it’s cheap and easy to shape into 
blocks, and because deforestation has left few 
other materials. So Kelly focuses on keeping 
concrete buildings upright with rubber isola- 
tors to absorb shocks. 

Many buildings in California and Japan 
sit on hundreds of rubber pads that absorb 
seismic energy by deforming, as opposed to 
cracking or shifting. A building on a rubber 
foundation essentially shakes independ- 
ently of the ground and at a slower fre- 
quency, which helps brittle walls survive 
intact. But because isolators are usually 
custom-made and contain steel, they cost up 
to $10,000 apiece. Kelly designed cheaper 
isolators for a few hundred dollars, with 
embedded carbon fibers instead of steel. 
Carbon preserves the material’s strength but 
makes it easy to mass-produce and cut into 
strips, which can be used in the foundations 
of small homes. 

Van de Lindt works on a similar isolator 
design, but with recycled rubber tires instead 
of strips. And beyond redesigning walls and 
foundations—which only help new homes— 
Van de Lindt wants to retrofit existing 
homes. He says that drilling holes into con- 
crete walls and inserting bamboo buttresses 
1.3 meters long would keep many modest- 
sized homes in developing countries stand- 
ing during quakes. This isn’t sophisticated 
science, “it’s more a social question,” van de 
Lindt acknowledges: “Can we provide fixes 
that may not be perfect but are much, much 
better than anything they have now?” 


One more ride. Old tires can cheaply insulate small 
concrete homes from the shaking of earthquakes. 
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Better than brick. Anonprofit run by Darcey i 
Donovan (center) buildsearthquake-resistant 
homes in poorparts of northwest Pakistan that 
tely.on load-bearing straw. bales for walls. 


In addition to rethinking building designs 
in Haiti, scientists are studying risks in the 
land itself. Marc Levy, an environmental 
management expert at Columbia University, 
was in Port-au-Prince when the earthquake 
struck. The building next door toppled, and 
he saw walls fallen over onto cars and pedes- 
trians. He now worries about a secondary 
disaster: landslides, which usually happen 
during the rainy season starting in May. 
“The pattern of risk is going to shift,” he says. 
“Areas not due to experience a catastrophic 
landslide for a decade” may have “moved to 
the top of the queue because of the loosening 
of the soil.” 

To address concerns like these, a team 
led by Brady Cox, a civil engineer at the 
University of Arkansas, Fayetteville, who 
surveys disaster zones worldwide, is cur- 
rently mapping the soil in Haiti. They’re 
doing so with the most sophisticated equip- 
ment they could ship in. At each site, they 
plant a sensor in the ground, walk about 
30 meters away, and begin banging on the 
ground with a hammer. The energy of the 
blows propagates through the soil, and the 
sensor records higher or lower readings 
depending on how compact it is. 

Cox says two types of soils in Haiti are 
vulnerable to earthquake damage. First is 
wet, sandy soil, which shifts unpredictably 
because sand grains, when shaken, grow 
compact and squeeze water out into con- 
fined spaces. Water then builds up under- 
ground and erupts like a geyser as the pres- 
sure grows. Cox suspects that this process 


opened the rifts along Port-au-Prince’s har- 
bor. Second is softer soil like clay, which 
shakes violently when the energy waves 
from an earthquake, straitjacketed in stiff 
bedrock underground, suddenly emerge in 
the softer material. Cox is mapping these 
types of soil not to tell Haitians where to 
avoid developing as much as to provide 
sorely lacking information. “We have the 
ability to design [buildings] for all these soil 
types,” he says. “You just have to understand 
what type’s there.” 


Small window 

Even if scientists hit on a perfect design, other 
challenges remain. People must actually use 
the design—and quickly. 

Georg Pegels, a civil engineer at the 
University of Wuppertal in Germany, has 
helped spread safer designs in Iran that rely 
on diagonal steel beams. Iran lost 30,000 
people to a 2003 earthquake and experi- 
ences quakes of magnitude 6.0 or greater 
many times a decade. Despite the danger, 
Pegels says people often resisted living in 
his buildings for aesthetic reasons: They 
didn’t like homes different from their 
neighbors’. Allowing artists to decorate the 
buildings helped convince people to accept 
them, he notes. 

Pegels smartly concentrated on building 
schools, which gets many people in the 
community, including the next generation, 
comfortable with the design. His team has 
built more than 30 schools so far. In Pak- 
istan, Donovan adds, people actually 


embrace new designs if they see them as 
status symbols. Some beneficiaries “think 
of [a straw-bale house] as high technology 
because it’s earthquake resistant,” she says. 
“Tt’s all how it’s presented.” 

Pegels also discovered that people often 
fear that inept or corrupt workers will cheat 
them out of the safe but expensive materials 
they pay top price for. (He mentioned cases 
of people putting steel in wet cement, show- 
ing the reinforcements to customers, then 
secretly pulling the metal out before the 
cement sets.) So his team builds steel frames 
at a trusted local factory and ships them to 
the site intact. This allows people to see they 
are getting a safe house. And unlike fully 
prefabricated homes, it also preserves jobs 
for locals, who fill in the masonry around 
the skeleton. 

Scientists can foresee disaster in many 
seismically vulnerable countries: Iran, 
Turkey, Indonesia, China. But Haiti’s acute 
need for housing presents a special chal- 
lenge. Fouché fears his fellow Haitians will 
fall back on whatever design is most expedi- 
ent: “If nothing is done quickly to set a new 
framework, the people there are going to do 
the same thing,” he says. “They think, ‘A big 
earthquake just happened, so there isn’t 
going to be another one for a while.’” 

Fouché knows there’s a short time to 
establish the new framework. He has not vis- 
ited Haiti since the earthquake but hopes he 
will have a chance to return after he has his 
degree and finally help Haiti build properly. 

-SAM KEAN 
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AGROFORESTRY 


Greening Haiti, Tree by Tree 


Haiti desperately needs trees, now more than ever. But how best to plant 
them in a nation whose forests are all but gone? 


Standing atop a steep slope in the Artibonite 
valley last spring, 100 kilometers northeast 
of Port-au-Prince, Starry Sprenkle surveyed 
the denuded hillsides and asked what she 
calls the “big question”: “What was here 
before?” What were the native species of 
trees that covered Haiti’s mountains when 
Christopher Columbus set foot on this 
island of Hispaniola in 1492? “There are no 
remnant forests left,” says Sprenkle, a grad- 
uate student in ecology at the University of 
California (UC), Davis, who was inspecting 
trees she had helped plant on a bare slope 
the previous year. “I don’t have a reference 
forest to grab species from.” 

To find a living example of what was 
here, Sprenkle would have to travel more 
than 100 kilometers east, to the closest natu- 
ral forest, in the Dominican Republic. That 
country occupies the eastern half of the 
island of Hispaniola and since 1967 has pro- 
hibited felling trees. A clear line demarks the 
boundary between the two nations. East of 
the border in the Dominican Republic, the 
and is lush and green. To the west in Haiti, it 
is brown and dry. Only 1% of the original 
forest remains in Haiti, making it much 
harder for the eroded landscape to support 
people and crops. 

Now, as the focus of relief efforts after 
Haiti’s devastating earthquake begins to 
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Tree line. The border between Haiti (left) and the 
Dominican Republic shows up from space. 
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shift from immediate rescue to long-term 
rebuilding, the use of agroforestry to boost 
Haiti’s natural resources has taken on a new 
urgency. Many Haitians are leaving Port-au- 
Prince and pouring into rural areas such as 
the Artibonite valley, and the buzzword in the 
foreign aid community is to “decentralize” 


services from the capital. 
“Food production will have to 
go up, pressure on the land to 
produce food and firewood 
will increase,” says Sprenkle, 
a native Californian who was 
in Haiti when the earthquake 
struck. Others who have also 
worked in Haiti for many 
years agree. Anthropologist 
Gerald Murray of the Univer- 
sity of Florida, Gainesville, 
says: “Charcoal is the major 
cooking energy for the coun- 
try. You can kiss Haiti good- 
bye unless you plant wood for 
charcoal.” Planting trees in 
Haiti was always urgent, says 
his University of Florida col- 
league, agroforester Michael Bannister: 
“Now it’s even more urgent.” 

For 4 years, Sprenkle and her colleagues 
have been bringing trees to the poorest of 
the poor: the mountain people of Haiti, who 
have the highest rates of malnutrition and 
disease in the poorest nation in the Western 
Hemisphere. Sprenkle leads the Hépital 
Albert Schweitzer (HAS) Haiti Timber Re- 
Introduction Project (HTRIP), which aims 
to teach people in the Artibonite valley how 
to plant and nurture trees on their own small 
plots. The trees will provide wood to sell for 
lumber and charcoal, fruit to eat, and nitro- 
gen to improve the soil so they can grow 
crops for food. If they’re lucky, enough trees 
will last long enough to improve the water- 
shed for rivers and prevent erosion and flash 
floods. “Of course trees are the answer,” 
says Mark Ashton, director of School 
Forests at Yale University, noting that there 
is “proven evidence” that trees improve soil 
quality, help regulate water yields, and 
boost crop productivity. When it comes to 
planting trees, he says, “the problems are 
largely social.” 


Failed forestry 

Almost from the moment Columbus and his 
men set foot on Haiti, humans have been 
overexploiting the island’s natural resources. 
The Spanish exterminated the Tainos, the 
native Arawak Indians, within 25 years of 
their arrival. When the French took control in 


1697, they slashed and burned trees to clear 
land for sugar plantations and logged almost 
the entire stock of mahogany, sending it back 
to Europe for furniture. By the time African 
slaves rebelled and ousted the French in 


1804, making Haiti the worlds’ first black 
republic, trees provided the fuel for sugar 
mills and for cooking. By 1949, Haiti’s natu- 
ral resources were so depleted they could not 
sustain its population. A United Nations 
report recommended “flood control, refor- 
estation, and both anti-erosion and soil con- 
servation measures.” 

In the years since, many groups have tried 
to plant trees, but for 3 decades most efforts 
failed. They often tried to plant forests rather 
than wood for local people and failed to fol- 
low up with the farmers who received 
seedlings. Also, most of the early donor funds 
went to “predatory and mistrusted state 
bureaucracies,” Murray wrote in a report in 
Agroforestry Systems in 2004. 

In 1981, the U.S. Agency for International 
Development (USAID) responded to donor 
complaints by enlisting Murray and other 
anthropologists to propose new models for 
tree planting. The result was the Agroforestry 
Outreach Project, which enabled 300,000 
Haitian peasant households to plant wood 
trees on their land from 1981 to 2000. A key 
lesson learned, say Murray and Bannister, 
was that local people must choose the types 
of seedlings, plant them on their own land, 
and be free to cut them as needed for wood or 
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charcoal to earn cash. Having a tree is like 
having money in the bank for people who 
have no savings. One man told Murray that he 
“made two philosophers with those trees,” 
meaning that he sent two of his children to 
high school with the earnings. 

A few years after that project ended in 
2000, HTRIP was launched to boost the wel- 
fare of the more than 300,000 impoverished 
people in the Artibonite valley, says Lucy 
Rawson, director of Friends of HAS. The 
goal, says Sprenkle, who started the project in 
2006, is “trying to improve the economic sta- 
bility in the mountains by restoring their natu- 
ral capital, which should be forest.” 

But which trees to use? For many tropical 
reforestation projects, ecologists strongly 
advocate native species because they are 
more tolerant of native soils, climate, and 
pests. In barren Haiti, however, economics 
must come first: The local people want the 
fastest growing trees, which are often non- 
natives, and people will neglect seedlings that 
don’t provide wood or useful fruit. The suc- 
cessful USAID program was “junk tree plant- 
ing” of six exotic, fast-growing hardwood 
species (such as eucalyptus and neem trees), 
with the aim of providing a cash crop of trees, 
says Murray. The goal was primarily humani- 
tarian and not to be confused with ecological 
reforestation efforts under way in places such 
as Costa Rica, where a mix of native trees is 
planted to restore forests. 

Now Sprenkle is trying to add science to 
the humanitarian mission, using agroforestry 
to find the right combinations of species that 


Measuring up. Starry Sprenkle 

(center) follows up with farm- 
ers, monitoring trees and help- 
ing to establish nurseries for 
seedlings (lower right). 


will both appeal to farmers and thrive on the 
thin veneer of topsoil that gets almost no rain 
for half the year. She is interested in how dif- 
ferent species of trees interact: Do some 
species act as nurse trees to nurture other 
species? Which trees help farmers move 
toward cropping rather than chopping trees? 

She recommends planting a mix of at 
least six tree species out of a list of 20 mostly 
native species she offers farmers; the only 
exotic species are fruit trees. But she is still 
working on the problem, collecting data 
with “experimental rigor and replication,” 
says her adviser, ecologist Truman Young at 
UC Davis. “Potentially, Starry’s project can 
bring some good conceptual ecology to tree 
planting ... in the context of people’s short- 
term and long-term needs.” 

So far Sprenkle has found that native 
species do far better than exotics. For exam- 
ple, the exotic Paulownia from China, which 
might tempt farmers because it provides 
hardwood and may grow 4 to 5 meters in its 
first year, does not grow well in Haiti. In con- 
trast, a species of mahogany, which is native 
to the island if not to these particular moun- 
tains, thrives. This is interesting to Karen Holl 
of UC Santa Cruz, who works on forest 
restoration in Costa Rica. “There has been a 
big move in Central America to screen native 
species, to figure out which species will pro- 
vide income for people and provide certain 
functions of the original forest,” says Holl. 
“It’s a balancing act.” 

Sprenkle also pays attention to the human 
part of the equation and how best to educate 
and empower locals. So far HTRIP 
has reached people in 35 mountain 
communities, who are learning how 
to create their own nurseries and are 


growing 180,000 trees on more than 
900 small plots of land. The project 
selects a leader in each community 
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Tree of life. A boy in La Rok shows off a papaya tree 


that is growing faster than he is. 


who is responsible for a nursery of tree 
saplings. The project also constructs natural 
fences of cacti to keep goats and sheep away 
from seedlings, helps people build trenches to 
catch rainwater, and feeds those who volun- 
teer to prepare plots and plant. 

A key to its success so far, says Sprenkle, 
is a requirement that locals come to educa- 
tional sessions. “We say to them, if you wait 
5 to 10 years, you can have timber,” says 
Andre-Herbe Cleophat, who has worked 
with HAS. “We tell them if you cut the tree 
too early, you won’t find money. Now, 
they’re letting them grow.” HTRIP also fol- 
lows up with farmers year after year, helping 
them transition to crops that thrive in the 
shade once their trees have grown and to 
market and replant their small forests. 

Sprenkle hopes that the trees will persist 
long enough to improve the topsoil and pre- 
vent flooding and erosion. She is also brac- 
ing for the influx of people from Port-au- 
Prince to the Artibonite valley, where the 
hospital has already been deluged with earth- 
quake victims arriving in the back of pickup 
trucks. As people return to rural communi- 
ties, the need to grow (and protect) wood to 
rebuild homes and provide fuel for cooking 
and food will only increase. 

Last spring, as Sprenkle measured the 
growth of trees ina community called La Rok, 
a young boy named Roosevelt tagged along, 
proudly pointing out trees he had helped to 
plant a few years earlier. As he scrambled up 
the bare trunk of a cedar tree, Starry noted: 
“Roosevelt carried the seedlings to plant here. 
Now the tree carries him.” 

—-ANN GIBBONS 


Ann Gibbons visited HTRIP last year with students from 
her daughter's middle school. 
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Predators Could Help Save Pollock 


THE NEWS FOCUS STORY “CAN SCIENCE KEEP 
Alaska’s Bering Sea pollock fishery healthy?” 
(V. Morell, 4 December 2009, p. 1340) was 
missing important information about the 
effects of sharks on Alaska’s fisheries, espe- 
cially the loss of sharks to the ecosystem. 
The shortcomings in the article are not an 
oversight by Morell but rather in the research 
effort, which has failed to consider these 
effects. Salmon sharks (Lamna ditropis) and 
Pacific sleeper sharks (Somniosus pacificus) 
are common in the Bering Sea, with a 
reported bycatch in Bering Sea pollock fish- 
eries between 200 and 1400 metric tons 
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annually (/). The removal of over 1000 metric tons of large sharks (average weight of about 
135 kg) is equivalent to approximately 7400 large sharks. Salmon sharks can potentially 
mediate considerable ecosystem change due to their high trophic level (2). At first brush, 
one might think pollock would benefit from the loss of some of their predators, but reduc- 
tions in salmon sharks and Pacific sleeper sharks in the numbers reported could disrupt the 
Bering Sea ecosystem in unexpected ways, notably by removing predation pressure from a 
more effective pollock predator. Any of several pollock predators may be kept in check by 
salmon sharks and Pacific sleeper sharks—including squid (Decapodiformes), which could 


prey on all pollock age classes. 


Conservation Science Institute, Santa Cruz, CA 95061, USA. E- 
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Religiosity Tied to 


Socioeconomic Status 


THE NEWS FOCUS STORY “ON THE ORIGIN 
of religion” (E. Culotta, 6 November 2009, 
p. 784) did not incorporate the growing body 
of psychosociological research that is reveal- 
ing the crucial role of socioeconomics in the 
origin and popularity of religion, as well as in 
creationism (/—6). Some hunter-gatherers 
have minimal religion (7), and those who 
do not believe in the gods and an afterlife 


have spontaneously expanded in prosperous 
democracies until they are the majority in 
some nations, such as France, Sweden, and 
Denmark (/, 3, 4). Because religion is not 
universal, as implied in the News Focus arti- 
cle, serious religiosity cannot be the strongly 
genetically programmed result of major 
selective evolutionary pressures such as 
social cohesion (8). 

In modern nations, nonreligion and the 
acceptance of evolution become popular 
when the middle class majority feels suffi- 


PERSPECTIVES 


ciently secure and safe, thanks to low income 
inequality, universal health care, job and 
retirement security, and low rates of lethal 
crime; this has occurred to greater and lesser 
degrees in most first-world countries, from 
Japan to Scandinavia (/—6). Religion thrives 
when the majority seek the aid and protection 
of supernatural powers because they are 
impoverished, as in the third- and second- 
world countries or, in the case of the United 
States (the most religious and creationist 
first-world country), because the majority of 
Americans fear losing their middle-class sta- 
tus as a result of limited government support, 
high levels of social pathology, and intense 
economic competition and income disparity 
(J-6). Prosperous modernity is proving to be 
the nemesis of religion. GREGORY S. PAUL 
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Savannas Need Protection 


THE SAVANNA BIOME COVERS 20% OF 
Earth’s land surface; contributes 30% of ter- 
restrial net primary production (NPP) (/, 2) 
(equivalent to the contribution of tropical 
forests); and accounts for 85% of the global 
area of land burnt annually (3). By any 
account, this productive biome plays a major 
role in the global carbon cycle. The pro- 
longed dry season and characteristic flamma- 
bility of savanna means that much of the car- 
bon sequestered over a growing season is 
returned back to the atmosphere via frequent 
fires. Tropical savannas are experiencing 
rates of change in land-use in excess of tropi- 
cal forests (2). Services provided by the 
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biome sustain an estimated one-fifth of the 
world’s human population. Unlike tropical 
forests, savannas have an open canopy and 
respond rapidly to human intervention such 
as management of grazing animals and fire 
regimes (4), processes that alter greenhouse 
gas emissions and stored carbon. Avoiding 
deforestation by Reducing Emissions from 
Deforestation and Degradation (REDD), 
applied to tropical forests, must also be rele- 
vant to savannas. REDD may be imperfect, 
but it’s also all we have in places where 
countrywide land-clearing and land-use poli- 
cies are ineffective. 

Savannas also contain an underappreci- 
ated biodiversity and are home to many 
remaining megafauna (5). To preserve this 
and ensure sustainable livelihoods, the 
arbiters of REDD must have a multi-biome 


A fractal view 


perspective. They must avoid perverse carbon 
outcomes that result from incentives for 
afforestation of a system naturally low in car- 
bon, and they must make provisions for land- 
use opportunities of relevance for the biome 
where sponsorship could reduce rates of land- 
use change and improve management prac- 
tices. Such an approach would provide green- 
house gas benefits and enhance livelihoods 
and capacity for effective land management, 
an example of which is available from 
Australia (6). Otherwise the institution of 
REDD may marginalize a vast and dominant 
biome of the tropics, even though the science 
exists to prevent this. 
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Taking Our Lumps 


IN HIS REVIEW ON DARWIN'S EFFECT ON 
Hooker’s theories on lumping or splitting 
species (“Lumpers and splitters: Darwin, 
Hooker, and the search for order,’ 11 Dec- 
ember 2009, p. 1496), J. Endersby appears 
to be a lumper himself. He fails to distin- 
guish between the goals of taxonomy and 
population biology. The former seeks to 
recognize the results of evolutionary his- 
tory based on constantly distributed charac- 
ters, each of which is an hypothesis in its 
own right (/). The latter seeks to study 
species-in-the-making, necessarily focus- 
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ing instead on traits variable within species. 
These distinct areas of science have been 
confounded since the neo-Darwinians of 
the 1940s (2). 

This confusion has resulted in a prolif- 
eration of species concepts, each tied to 
this or that favored process of speciation. 
Most of this conceptual controversy disap- 
pears when species are seen as statements 
of evolutionary history and restricted to 
the (hypothesized) instances of completed 
speciation. The fundamentals of such a 
historical species concept have their roots 
in the 17th-century writings of John Ray 
and are restated in the modern Phylo- 
genetic Species Concept (3, 4). Every col- 
lected specimen, newly sampled pop- 
ulation, or discovered character is an 
opportunity to critically test the evidential 
basis of our theories of species. This is a 
desirable source of controversy that will 
exist as long as species are scientific 
hypotheses and we continue to test them. 
The goal of taxonomists is not to arrive at 
an objective definition of species uni- 
formly agreed upon by all, but rather to 
make species descriptions predictive 
hypotheses about the distributions of char- 


acters such that each is rigorously testable. 
Species descriptions are thus rejected or 
modified, like any other scientific theory, 
to fit available evidence, which is precisely 
why they are not “merely descriptive.” 
QUENTIN WHEELER 
International Institute for Species Exploration, Arizona 


State University, Tempe, AZ 85287, USA. E-mail: quentin. 
wheeler@asu.edu 
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Response 

| AGREE WITH WHEELER THAT “THE GOAL OF 
taxonomists is not to arrive at an objective 
definition of species uniformly agreed 
upon by all,” yet I doubt that everyone who 
uses specific names would agree that test- 
ing our theories of species is the only (or 
even the main) goal of classification, any 
more than chemists ordering the raw mate- 
rials for an experiment are testing our defi- 


nitions of “elements.” In many cases, the 
main product of a classification is simply 
a set of names. Ideally, these should be 
stable, easy to remember, and able to 
encapsulate useful information about the 
things they name, but they need not be. The 
widespread resistance to radical taxonomic 
changes (such as that embodied in the 
Phylocode proposal) seems to reinforce the 
point I made in my Review: Classifications 
are products of the particular needs of those 
who devise and use them. 

JIM ENDERSBY 
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Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 
general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 


TECHNICAL COMMENT ABSTRACTS 


Comment on “Unexpected Epoxide Formation in the Gas- 
Phase Photooxidation of Isoprene” 


Magda Claeys 


Paulot et al. (Reports, 7 August 2009, p. 730) reported that the photooxidation of iso- 
prene under low-nitrogen oxides (NO,) conditions produces epoxides that can facilitate 
the formation of secondary organic aerosol (SOA). However, another pathway involving 
the formation of methyl-butenediol intermediates can also lead to isoprene-derived SOA 
formation. Further research is needed to clarify the fate of isoprene in the atmosphere. 
Full text at www.sciencemag.org/cgi/content/full/327/5966/644-b 


RESPONSE TO CoMMENT ON “Unexpected Epoxide Formation 
in the Gas-Phase Photooxidation of Isoprene” 


Fabien Paulot, John D. Crounse, Henrik G. Kjaergaard, Andreas 
Kiirten, Jason M. St. Clair, John H. Seinfeld, Paul O. Wennberg 


Claeys questions whether gaseous epoxydiol is formed from the oxidation of isoprene 
and whether it is relevant to the formation of isoprene-derived secondary organic 
aerosol (iSOA). We argue that the alternative mechanism she proposes for iSOA applies 
primarily to chamber studies with high isoprene and is not as important in the atmos- 
phere, where isoprene concentrations are much lower. 


Full text at www.sciencemag.org/cgi/content/full/327/5966/644-c 


CORRECTIONS AND CLARIFICATIONS 


Reports: “Recent warming reverses long-term Arctic cooling” by D. S. Kaufman et al. (4 
September 2009, p. 1236). Of the 23 previously published proxy temperature records 
included in the synthesis, 4 were corrected to conform to the interpretations of the original 
authors, and one was updated by omitting the high-pass filter. The 10-year mean proxy val- 
ues are now corrected in the supporting online material (table $2) and at 
www.ncdc.noaa.gov/paleo/pubs/kaufman2009. The primary trends of the Arctic tempera- 
ture reconstruction, however, are not changed, including the millennial-scale summer cool- 
ing that was reversed by strong warming during the 20th century and (on the basis of the 
instrumental record) continued through the last decade. Two of the corrected records (Lake 
Korttajarvi, Lake Lehmilampi) were not included in the calibration of proxy values to mean 
summer temperature, but the other three (DYE-3, Hallet Lake, and Haukadalsvatn) were. 
The supporting material now includes the corrected version of the calibration equation (r* 
= 0.76, P < 0.05). The resulting corrected temperature reconstruction is shown below, 
along with the original version taken from Fig. 3C. The corrected temperature trend through 
1900 (green line in Fig. 3C) is —0.21° + 0.06°C per 1000 years rather than —0.22° 
+ 0.06°C per 1000 years as originally reported. The corrected regional sensitivity of sum- 
mer (JJA) temperature to orbital forcing inferred from the proxy-based reconstruction is 
0.06° + 0.03°C per W m™~ rather than 0.07° + 0.02°C per W m~ as originally reported (Fig. 
4B; revised regression: y = 0.0643x — 27.595, r = 0.73). The leading principal component 
of the corrected time series explains 16% of the variance of all records rather than 17% as 
originally reported, and the strength of its correlation with the simple composite decreases 
tor? = 0.67 (P< 0.001), compared to r? = 0.84. The correlation (r value) between the first 
principal component (PC1) and each record has been corrected in table $1. In addition, the 
supporting material now includes an expanded discussion of the calibration of the proxy 
composite to summer temperature (Note D) and a correction and clarification of the statis- 

tical tests (Note E). These and any future revisions are posted 


— original 


on the project Web site: www.arcus.org/synthesis2k. We 
thank H. McCulloch and others who have pointed out errors 
and have offered suggestions. The original conclusions of the 
paper have been strengthened as a result. 


Mean of all proxy climate records transformed to summer 
temperature anomaly relative to the 1961-1990 reference 
period, showing the original reconstruction (black line; gray 
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MICROBIOLOGY 


The Trouble with Trees 


W. P. Hanage 


ing: evolutionary biology has been devel- 

oped, almost without exception “by sex- 
ually reproducing eukaryotes, for sexually 
reproducing eukaryotes” (/). Given that the 
vast majority of living things on this planet, 
both in numbers and biomass, are not sexu- 
ally reproducing eukaryotes, this might be 
considered an oversight. Jan Sapp certainly 
thinks so. In The New Foundations 
of Evolution: On the Tree of Life, 
he gives us a history of microbiol- 
ogy, from Leeuwenhoek to modern- 
day disputes, taking an evolutionary 
perspective. 

Sapp (an evolutionary biolo- 
gist and historian of science at York 
University, Toronto) recounts how 
microbiological thinking developed 
in almost total isolation from evolu- 
tion until the 1970s. That is when the 
comparison of 16S rRNA sequences became 
possible, allowing the phylogeny of species 
to be readily estimated. More closely related 
species have more similar 16S sequences, 
because there has been less time for them to 
diverge. When the new methods were applied 
to bacteria, the results completely upset pre- 
vious taxonomy, which had been based on 
relatively crude metabolic tests and morphol- 
ogy. It also revealed the previously unimag- 
ined diversity of single-celled life. 

The heroes of Sapp’s book (because it 
is that kind of history) are Carl Woese and 
his colleagues, who first pressed the 16S 
sequence into service. Their most remark- 
able discovery concerned an obscure group 
of bacteria typically isolated from environ- 
ments characterized by, for example, very 
high temperature or salt concentrations. (I 
say obscure because they were far from the 
driving concerns of medicine and industry.) 
Together with the methanogens, they were 
the first examples of what came to be known 
as the Archaea. Although they superficially 
resembled bacteria (being single-celled and 
lacking a nucleus), these organisms had a dis- 
tinctively different metabolism, cell wall, and 
transcription machinery. In time, they came to 
be recognized as a whole new domain of life 
alongside eukaryotes and eubacteria (“‘true” 


[ has been said before, but it bears repeat- 
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bacteria). It is now thought that the Archaea 
are more closely related to us humans than 
they are to bacteria. This finding shook tax- 
onomy to its foundations. 

It is always easier to convince your fel- 
low scientists of something they think they 
know already. Woese’s work was emphati- 
cally not in this category, and much of Sapp’s 
story describes the rocky road to its accep- 
tance. Few obstacles were 
greater than the opposi- 
tion of Ernst Mayr, which 
Sapp describes in some 
detail. Although Mayr rec- 
ognized that finding the 
Archaea was “like discov- 
ering a new continent” (2), 
the great biologist argued 
that when it came to clas- 
sification, phylogeny was 
irrelevant in the face of 
such a stark difference as the presence or 
absence of a membrane-bound nucleus that 
contained chromosomes. Ifa cell had such a 
nucleus, it was a eukaryote, and if not, it was 
a prokaryote. This was all that was required 
for “an information storage and retrieval sys- 
tem” (2), which was to Mayr the purpose 
of classification. From the viewpoint of the 
present day, Mayr comes across as small- 
minded, with a classical biologist’s ignorance 
of microbiology. But his position offers a fine 
illustration of the tension between theoreti- 
cal consistency and pragmatism, which runs 
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throughout the book and continues to plague 
bacterial classification. 

A more fundamental problem is horizon- 
tal gene transfer. Bacteria (and archaea too) 
are notoriously promiscuous and can take up 
DNA with scant regard for the boundaries 
of named species. Horizontal transfer raises 
severe questions about any analysis that is 
based on phylogeny because different genes 
ina single organism can have different histo- 
ries. Although the book raises in passing the 
notion that the tree of life should be replaced 
by something like a worldwide web of life, 
neither the evidence for this web nor its 
implications are considered in any depth— 
despite that fact that it strikes at the very 
heart of the phylogenetic approach to clas- 
sification championed by Woese. It is churl- 
ish to complain too much, because the debate 
about horizontal gene transfer and the tree of 
life is far from settled. But the topic deserves 
a more thorough treatment than Sapp affords 
it, if only because it is so fundamental to evo- 
lutionary microbiology. 

My other concern is that in several places 
the author describes prokaryotic evolution 
(with its high rate of horizontal gene transfer 
and the uncoupling of sex from reproduction) 
as “non-Darwinian”—this stretches to the 
publisher’s claim on its Web site that the book 
“puts forth a new theory on evolution,” which 
it emphatically does not. Given that evolu- 
tion even among archaea and bacteria is still 
based on the generation of variation, which is 
winnowed by selection and then inherited, I 
would argue Darwin was substantially right. 
Or more right than one could reasonably 
expect given that he had no conception of the 
gene and little knowledge of bacteria. 

That Sapp makes his story so sparkling is 
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Two views of life. A five-kingdom system based on three levels of organization [after R. H. Whittaker 
(3)] and a three-domain phylogenetic tree [after Norman Pace (4)]. 


645 


BOOKS ¢€7 AL. 


646 


an achievement all the more impressive when 
one remembers he must include a fair amount 
of taxonomy, both antiquated and modern. The 
debates and disputes that animate his account 
remain current today. Most microbiologists 
still do not know very much about evolution- 
ary biology, and vice versa. Nevertheless, the 
tide of microbial genomes is changing this 
state of affairs. In order to know where we are 
going, it is helpful to reflect on how we came 
to be where we are. We all carry with us intel- 
lectual baggage and preconceptions from not 
only our own experiences but also those of our 
friends, colleagues, and mentors. Perhaps the 
highest compliment I can pay The New Foun- 
dations of Evolution is that having read it, I 
feel that I better understand the minds of my 
fellow microbiologists—and even my own. 


References 
1. B.R. Levin, C. T. Bergstrom, Proc. Natl. Acad. Sci. U.S.A. 
97, 6981 (2000). 
2. E. Mayr, Proc. Natl. Acad. Sci. U.S.A. 95, 9720 (1998). 
. R.H. Whittaker, Science 163, 150 (1969). 
4. N.R. Pace, Science 276, 734 (1997). 


w 


10.1126/science.1185784 


NUCLEAR WEAPONS 


Fearful Distractions 


David Holloway 


tomic Obsession is a contrarian book. 
A= Mueller argues that Americans 

have worried too much about nuclear 
weapons and that their unwarranted anxiet- 
ies have led to costly and dangerous policies. 
Often witty and acerbic, his book offers a cri- 
tique of those who like to echo 
the words of the Fat Boy in 
The Pickwick Papers: “| wants 
to make your flesh creep.” 
In Mueller’s view, we should 
look with a much cooler eye at 
nuclear weapons and the dan- 
gers they present. 

According to Mueller (a 
political scientist at Ohio State 
University), the atomic obses- 
sion has existed since Hiroshima. In the first 
part of the book, he contends that the bomb 
has had little impact on international politics. 
The Cold War would have happened any- 
way, and it would have taken the same basic 
form. The memory of World War II and the 
devastation it caused would have prevented a 
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new world war even without the presence of 
nuclear weapons. 

In the book’s second part, Mueller argues 
that nuclear proliferation is both less likely 
and less dangerous than many political lead- 
ers and analysts believe. Nuclear weapons are 
largely useless, and that is why most states 
do not want them. The Nuclear Non-Prolif- 
eration Treaty has not had a very great effect, 
he claims. U.S. efforts to stop the spread of 
nuclear weapons by imposing sanctions, issu- 
ing threats, and even, as in the case of Iraq, 
going to war have only served to enhance the 
appeal of nuclear weapons for some states. 
Nuclear weapons, he points out, have killed 
fewer people than the wars undertaken to stop 
nuclear proliferation. 

The third and final part of the book 
deals with the threat of nuclear terrorism, 
which, Mueller claims, has been greatly 
exaggerated: “any notion that the actual al- 
Qaeda enemy has the capacity to come up 
with nuclear weapons, even if it wanted to, 
looks far-fetched in the extreme, as does the 
notion that they could effec- 
tively handle a pilfered one or 
one given them by a state.” A 
nuclear terrorist attack on the 
United States, catastrophic 
though it would be, would not 
lead to the extinction of the 
United States, as many have 
loosely asserted. It would be 
very different from the mas- 
sive Soviet nuclear strike that 
figured in Cold War scenarios. 

Mueller fears that hyperbolic rhetoric 
about nuclear threats is counterproductive in 
at least two ways. In the first place, it gives 
encouragement to al-Qaeda. Second, it raises 
obstacles to thinking in a sensible and bal- 
anced way about allocating resources to meet 
the threats the United States faces. 

There is much to agree with in the book. 
Mueller performs an important service in 
puncturing some of the inflated rhetoric about 


nuclear weapons. He is right to point to 
the traps that absolutist rhetoric about 
nuclear threats can create. The clas- 
sic example is, of course, the war in 
Iraq. Whatever the actual motives for 
the war were, the 2003 U.S. invasion 
could hardly have happened without 
widespread acceptance of the Bush 
administration’s claim that Saddam 
Hussein was reconstituting his nuclear 
weapons program. More generally, by 
focusing not on how close we came to 
nuclear war but rather on the limitations 
on the use of nuclear weapons, Mueller pro- 
vides an unusual and fruitful perspective on 
nuclear history. 

The book also contains much to disagree 
with. Like the alarmists he criticizes, Muel- 
ler overstates his case. To take just two exam- 
ples: It is certainly plausible that a Cold War 
would have broken out between the Soviet 
Union and the United States because they 
were rivals in shaping the postwar world, 
but it is not convincing to say that nuclear 
weapons were essentially irrelevant to inter- 
national politics. The political leaders of the 
nuclear powers thought very seriously about 
the weapons and their implications, espe- 
cially after the development of the hydrogen 
bomb, and their ideas about the use of nuclear 
weapons for deterrence and coercion shaped 
the way they conducted policy. 

Or consider Mueller’s treatment of the 
1968 Treaty on the Non-Proliferation of 
Nuclear Weapons. He is rightly skeptical 
about claims that without the Non-Prolifera- 
tion Treaty we would today have many more 
nuclear states than now exist. Most states, he 
rightly notes, do not want nuclear weapons. 
They are not champing at the bit to develop 
them. They are, however, not indifferent to 
the behavior of other states, and the fact that 
all but three states signed the treaty shows 
how widely the norm of nonproliferation 
is accepted, even if some signatory states 
have organized clandestine nuclear weapon 
programs. The treaty provides an element 
of predictability about the nuclear behavior 
of other states as well as early warning of 
attempts to go nuclear. 

Mueller’s chief purpose in this thought- 
provoking book is to analyze rather than to 
provide policy proposals. His main recom- 
mendation concerns North Korea and Iran. 
He has “nothing against making nonprolif- 
eration a high priority,” he writes, but there is 
a higher one: “avoiding policies that can lead 
to the deaths of tens or hundreds of thousands 
of people under the obsessive sway of worst- 


case scenario fantasies.” 
10.1126/science.1186122 


5 FEBRUARY 2010 VOL327 SCIENCE www.sciencemag.org 


CREDIT: FWIS DESIGN/COURTESY OXFORD UNIVERSITY PRESS 


CREDIT: ADAPTED FROM ISTOCKPHOTO.COM 


ETHICS 


Gene Doping and Sport 


Theodore Friedmann, ‘* Olivier Rabin, ? Mark S. Frankelt 


e humans have long sought to 
enhance ourselves beyond nor- 
mal through cosmetic surgery 


and drugs. Science is increasingly becoming 
humanity’s partner and handmaiden in those 
efforts (/) and has added genetic manipulation 
to our enhancement tool kit. Many forms of 
human enhancement are becoming more fea- 
sible, sought-after, and even justifiable in the 
quest for healthier, happier, and longer lives. 

Around the world, people have been 
exposed to the notion of human enhancement 
through sport, as some athletes seek a boost to 
success, stardom, and financial reward. In the 
past, doping and cheating in sport have been 
enabled by advances in pharmacology and 
physiology. Recently, the successful develop- 
ment of gene therapy has provided the con- 
cepts, tools, opportunity, and, for some, justi- 
fication for genetic modification of functions 
that affect normal human traits, including 
athletic performance. This intersection of sci- 
ence and sport raises fundamental ethical and 
policy issues that neither domain can resolve 
absent a broader societal conversation (2). As 
science progresses and sport and antidoping 
authorities express increasing concerns, the 
time is right to look at how advances in genet- 
ics are affecting sport in ways unexpected just 
a decade ago. 


Genetic Manipulation for Doping 
Some early experimental studies illustrate 
the potential of gene therapy for treating dis- 
eases (3-8). Although most gene therapy 
approaches involve gain-of-function expres- 
sion of exogenous transgenes, other methods 
for genetic modification have also emerged 
(9-15). A definitive approach to genetic mod- 
ification for therapy would involve an emerg- 
ing technology of site-specific sequence 
correction of disease-causing mutations, as 
through the use of zinc finger—associated 
recombinational methods (/6). 

Although highly effective in some mod- 
els, these gene therapy techniques are imper- 
fect and still highly risky, as demonstrated by 
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severe adverse events such as 
treatment-induced leukemia, 
or even deaths (77-19). Nev- 
ertheless, it is inevitable that, 
as the science and techniques 
mature, these same methods 
and concepts will be applied 
to broader nontherapeutic 
uses, including gene-based 
“enhancement” of human 
traits linked to sport. 

Toward that end, genetic methods have 
been used, for instance, to demonstrate 
enhanced muscle function from the insulin- 
like growth factor (IGF-1) or follistatin trans- 
genes (20, 2/) and stably increased, regulat- 
able, erythropoietin-enhanced blood pro- 
duction in primates (22). One of the most 
widely discussed transcriptional modula- 
tion approaches has involved small molecule 
modulators of peroxisomal proliferator-acti- 
vated receptor delta (PPAR-5), which regu- 
lates expression of genes involved in lipid 
metabolism, energy utilization, and insulin 
action and that increases the production of 
slow twitch oxidative energy-efficient mus- 
cle fibers. These effects have important impli- 
cations for therapy of diabetes, obesity, and 
muscle disease. Furthermore, mice overex- 
pressing a PPAR-S transgene or treated with 
a PPAR-6 agonist show enhanced endurance 
performance (23). 

Not surprisingly, these scientific 
approaches are known in sport communities 
and are coming temptingly close to human 
doping. A German athletic coach was found 
attempting to obtain Repoxygen, a gene- 
transfer vector that induces expression of the 
erythropoietin gene (24). A Chinese genet- 
ics laboratory reportedly offered gene-based 
manipulations before the 2008 Olympic 
Games in Beijing (25). It is not clear whether 
these or other similar attempts reached the 
stage of actual use in human athletes, but 
there seem to be few technical barriers stand- 
ing in the way. 


Genetic Tools for Doping Detection 

Traditional approaches to detection of dop- 
ing in sport have been based on chemical or 
molecular detection of the doping agent or of 
markers reflecting the physiological or met- 
abolic effect(s) of the agent (e.g., chemical 
assays for steroids and stimulants, molecu- 


Advances in gene therapy set the stage for the 
next generation of illegal doping, and doping 
detection, in sport. 


lar identification of foreign erythropoietin, 
and detection of abnormally high erythro- 
cyte production following exogenous eryth- 
ropoietin exposure). Although this is the 
most direct approach, new assays are con- 
stantly needed to respond to chemical modi- 
fications that make some drugs more diffi- 
cult to detect, and therefore more prone to 
doping abuse. 

A potentially more powerful detection 
method has emerged, based on the concept 
that chemical, biological, or genetic dop- 
ing agents are likely to produce broad meta- 
bolic, genetic, and proteomic changes. These 
changes are now detectable by techniques 
such as microarray- or sequence-based tran- 
scriptional profiling and proteomic and 
metabolomic analyses that can define molec- 
ular “signatures” of exposure to specific dop- 
ing agents, or families of drugs, or methods. 
Such signatures may be used to identify per- 
turbed physiological systems, even in the 
absence of knowledge of, or assays for, spe- 
cific doping agents. This approach is similar 
to that commonly used in searches for molec- 
ular signatures of oncogenesis, developmen- 
tal disorders, and so on (26, 27). 

Highly concerned by the risk of gene dop- 
ing, the World Anti-Doping Agency (WADA) 
(28), which has retained gene doping in its list 
of prohibited substances and methods since 
2004, has sponsored international research 
teams with early results providing growing 
credence to the utility of molecular signatures 
in doping detection. For instance, exposure of 
murine myoblasts to IGF-1 has been shown to 
induce transcriptional and proteomic changes 
that may eventually constitute a “signature” 
specific for exogenous IGF-1 exposure (29, 
30). Of course, the application of these kinds 
of global assays would require rigorous vali- 
dation of a connection with specific doping 
agents or methods. 


Marketing Gene Doping 

The challenges posed to sports organizations 
concerned with gene doping are compounded 
by the ubiquity of the Internet, relatively 
unconstrained by geographical boundaries, 
which, when fueled with private commer- 
cial interests, creates a powerful marketing 
tool for promotion and distribution of per- 
formance-enhancing agents. An industry has 
emerged to cater to the desire of athletes and 
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their coaches to find a competitive edge. 

Athletes are an especially vulnerable 
population in the marketing of performance 
enhancement (3/). Reputable athletes or 
coaches with little knowledge of genetics are at 
a disadvantage in assessing “scientific” claims 
that appear in advertisements. Marketing is 
particularly worrisome when the science is 
still a work in progress, when a person’s health 
can be adversely affected, and when consumer 
knowledge about genetics is low. Although 
advertisements promoting products that prom- 
ise to enhance athletic performance have per- 
vaded the Internet for many years, recently it 
has become home for advertisements that pro- 
mote products to “alter muscle genes. ..by acti- 
vating your genetic machinery” (32), or that 
state “your genetic limitations are a thing of the 
past!” (33) or “Finally, every bodybuilder can 
be genetically gifted!” (34). 


Conclusion 
The stakes are high in competitive sport. 
Enter the science of genetics and the increas- 
ing ability to modify genes for medical and 
performance enhancement purposes. As a 
result, the former chairman of WADA pro- 
claimed that “You would have to be blind not 
to see that the next generation of doping will 
be genetic” (35). As others have observed, 
“What is clear ... is just how impatient some 
coaches and athletes are to find new and inge- 
nious ways to cheat. First it was steroids, then 
EPO [erythropoietin], then human growth 
hormone—and now the illicit grail seems to 
be gene therapy” (36). The global market- 
place is ready to meet the demand in ways 
that will inevitably include untested, and per- 
haps unregulated, products and exaggerated 
claims. Although commercial Web sites may 
be “biased, and unreliable by rigorous sci- 
entific standards, they are a principal source 
of information for many athletes and should 
be monitored when looking for evidence of 
developing trends in doping” (37). 
Accompanying those developments is the 
emergence of a community that alleges short- 
comings in the testing process and blames the 
antidoping effort for stimulating “an arms 
race between regulators and the cheats” (38). 
Others question why certain enhancement 
technologies are banned while others remain 
legal and argue that athletes should be free to 
use virtually any enhancing agents that sci- 
ence makes available to them (39). Scientists 
are not mere bystanders in these matters. The 
2010 Winter Olympic Games and other major 
sport events present good opportunities for 
researchers to reaffirm their responsibilities to 
conduct and report their work by means con- 
sistent with international ethics codes of clini- 
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cal research. They also must be aware that 
some athletes and coaches will be tempted, 
prematurely and unwisely, to take advantage 
of results packaged by some as performance 
enhancement “breakthroughs,” even if they 
are untested in humans and the only “break- 
through” is faster or stronger mice (40, 4/). 
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EVOLUTION 


Tinkering Inside the Organelle 


Felicity Alcock, Abigail Clements, Chaille Webb, Trevor Lithgow 


mong the questions about the evolu- 
Aw of eukaryotes is the debate over 
iow they acquired the membrane- 
bound organelle, mitochondria. Mitochon- 
dria produce energy in nearly all eukaryotic 
cells (/) and regulate cell metabolism by 
controlling the flow of factors such as ions, 
amino acids, and carbohydrates between 
themselves and the cytoplasm. Mitochon- 
dria evolved from a bacterial endosymbi- 
ont (an @-proteobacterium), and this process 
depended on the establishment of new path- 
ways that facilitated the import of proteins 
into and across the double membrane (inner 
and outer) of the ancestral endosymbiont. 
Herein lies a debate: How did the process 
of protein import in mitochondria—which 
facilitated the evolution of this organelle, and 
thus, eukaryotic cell evolution— 
arise? Was the process driven by 
the ancestral host cell or by the 
prokaryotic endosymbiont, or 
by both? 

Recently, Gross and Bhat- 
tacharya discussed the possibility 
that evolution of protein import 
into mitochondria was driven by 
the host cell (see the figure) (2). 
In this paradigm, to capitalize on 
energy production by the ances- 
tral endosymbiont, a protein sort- 
ing and importing mechanism 
was necessary to relocate host 
cell proteins to the endosymbi- 
ont. Thus, in the earliest evolu- 
tionary stages of mitochondria, 
host proteins were “imposed” 
on the ancestral endosymbiont. 
It was argued that because the 
endosymbiont’s outer membrane 
had greatest access to host fac- 
tors in the cytoplasm, evolution 
of mitochondrial protein import 
began at the outer membrane (2). 
Once established there, host pro- 
teins could then gain access to 
the intermembrane space and the 
inner membrane in an “outside- 
to-inside” trajectory of evolution. 

In support of this view, some 
characteristics of host cell proteins 
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appear to have served as “preadaptations” for 
mitochondrial protein import. For example, 
positively charged amino acid sequences in 
proteins that are imported into the mitochon- 
dria by the transporter in the outer membrane 
(TOM complex) are thought to be preadaptive 
characteristics in the ancestral host cell (3, 4). 
These protein “passengers” of the host cell 
could thereby provide selective pressure once 
an ancestral TOM-type complex was consti- 
tuted in the outer membrane of the endosym- 
biont. This, however, does not require that the 
protein transport machinery was “designed” 
by the host cell, nor that the transport machin- 
ery evolved from the outside to the inside. 
An alternative viewpoint favors an active 
role of the endosymbiont in establishing key 
elements of the protein import pathway (see 
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Debate about eukaryote evolution includes 
alternate views on the processes that gave rise 
to mitochondria. 


the figure). We suggest that both the TOM 
complex in the outer membrane and the trans- 
porter in the inner membrane (TIM complex) 
were derived from ancestral bacterial pro- 
teins—that is, proteins originally encoded by 
the bacterial endosymbiont’s genome. This 
evolutionary tinkering—constructing a new 
molecular machine from existing parts— 
inside the ancestral bacterium is in line with 
Jacob’s proposition for the evolution of new 
cellular functions (5), which states that new 
pieces of cellular machinery arise ad hoc, 
often cobbled together from pieces (proteins) 
already available in other guises. 
Establishing the ancestry of the TOM 
component Tom 40 (a channel) and the inner- 
membrane TIM channel (Tim23) has been 
particularly controversial. Some evidence sug- 
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Two views of mitochondrial evolution. The “Inside” view of the transition from intracellular bacterium to mitochondrion 
acknowledges that the ancestral endosymbiont’s genome encoded protein complexes (SecYEG and YidC) that facilitated the 
assembly of bacterial proteins into its inner membrane (e.g., metabolite carriers) and outer membrane (the bacterial B-barrel 
protein BAM). An early outer-membrane protein of the TOM complex (Tom40) may have arisen from a bacterial B-barrel protein 
with affinity for basic, amphipathic amino acid sequences on host cell proteins. Progenitors of modern protein import compo- 
nents (TIM) were also encoded by the endosymbiont’s genome. The “Outside” view proposes that proteins of the ancestral host 
cell were imported into the endosymbiont. It assumes that the endosymbiont’s genome is reduced (and unable to encode pro- 
genitor proteins of the import machinery). In this case, some host cell B-barrel protein is imposed into the endosymbiont's outer 
membrane. It then facilitates the import of other protein import machinery components from the host cell. 
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gests that the amino acid sequence of Tom40 
family members resembles that of YdeK, a 
bacterial protein export channel. Also, the 
B-barrel structure of Tom40 is characteristic 
of bacterial outer-membrane proteins (6, 7). 
Stronger lines of evidence suggest that LivH, 
a bacterial amino acid transporter, represents 
a living link to the ancestral Tim23 progenitor 
because a conserved region of Tim23 family 
proteins retains a signature PRAT (preprotein 
and amino acid transporters) motif also found 
in LivH (8). Three other subunits of the TIM 
complex—mHsp70 (9), Tim44 (/0, //), and 
Pam18/Tim14 (//, 12)}—also have bacterial 
homologs. The bacterial homologs of the lat- 
ter two function distinctly from LivH in the 
bacterial inner membrane (//). A high degree 
of amino acid sequence similarity, and identi- 
cal topology with respect to the inner mem- 
brane, mean that relatively little evolutionary 
tinkering would be required to derive a core 
TIM complex from components already pres- 
ent in the ancestral endosymbiont. 

A metamorphosis of the inner membrane 
transformed the metabolic flux between the 
host cell and endosymbiont (2, /3), and could 
represent the selection by which mitochon- 
dria evolved. The first mitochondrial metabo- 
lite carrier proteins arose after endosymbiosis 
(/4), but did the genes that encode these carri- 


ers first appear in the host nuclear genome or 
in the ancestral endosymbiont’s genome? The 
former scenario requires that the mitochon- 
drial protein import machinery be established 
before the carriers can localize to the ancestral 
endosymbiont and function. In the latter sce- 
nario, acquisition of the carrier from within 
the endosymbiont has a major advantage in 
that there would have been preexisting protein 
transport machinery (the SecYEG and YidC 
bacterial machines) to assemble these carriers 
in the inner membrane. Biochemical analyses 
on carrier proteins from animals and plants 
show that they can be expressed in the model 
bacterium Escherichia coli, thereby rendering 
the recombinant bacteria newly permeable to 
nucleotides, ions, and other metabolites (/5, 
16). This suggests that bacterial transport 
complexes, such as SecYEG and/or YidC, are 
competent to assemble carrier proteins. Both 
of these translocases would have been present 
in the ancestral endosymbiont. 

Evolution simply selects a feature because 
it provides an advantageous phenotype. 
Through time, very complex phenotypes can 
evolve. Even at the molecular level, the rules 
of the game are the same. It matters, there- 
fore, that models for the evolution of complex 
molecular structures, like protein transport 
machines, take into account preexisting, sim- 


ple components from which such a machine 
could be cobbled. Finding the answer to the 
prokaryote-to-organelle transition will also 
require continued weighing of evidence from 
different sides. 
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Splitting Spin States on a Chip 


Guido Burkard 


he different colors on the surface of 

a soap bubble arise from the interfer- 

ence of light waves reflecting from the 
outer and inner surface of the liquid film. As 
the thickness of the film varies, so will the 
wavelength of light that undergoes construc- 
tive interference and remains visible. This 
effect can be used to measure small changes 
in distance if a single coherent beam is used 
(see the figure, panel A) through the formation 
of interference fringes. According to quan- 
tum mechanics, even material particles such 
as electrons behave like waves, and indeed, 
interference can be observed when the elec- 
tric charge associated with an electron travels 
along two arms of a ring-like interferometer 
in the Aharonov-Bohm effect. In addition to 
their charge, electrons also have two distin- 
guishable spin states, spin-up and spin-down. 
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Onlpage 669)of this issue, Petta et al. (1) dem- 
onstrate beam splitting and interferometry for 
the spin degrees of freedom of two electrons 
on a semiconductor chip. In this system, the 
phase of partial waves is associated with spin 
direction. Nuclear spins, whose coupling to 
electrons can destroy phase coherence, actu- 
ally help control spin-state evolution. 

In recent years, quantum information sci- 
ence has investigated ways to harness quan- 
tum interference in order to perform tasks that 
are insurmountable for conventional devices; 
in fact, a quantum computer can be viewed 
as an elaborate interferometer. For a compact, 
solid-state quantum information-processing 
system, there are advantages to manipulat- 
ing electrons instead of photons, and to con- 
structing qubits with electron spin states. 

In the beam splitter demonstrated by Petta 
etal., the paths that electrons take were not dis- 
tinguished predominantly by their spatial posi- 
tion, but rather by their spin and their energy 


Controlling electron spins on semiconductor 
quantum dots with help from nuclear spins 
may speed up fundamental steps in quantum 
computing. 


(see the figure, panel B). Two semiconductor 
quantum dots can each hold zero, one, or two 
electrons, depending on the externally applied 
control voltages. Keeping the total number 
of electrons at exactly two, Petta ef al. used 
external voltages to control the energy bias € 
in order to shuffle electrons between the dots. 
However, electrons are fermions and obey the 
Pauli exclusion principle—no two electrons 
can occupy exactly the same state—so for the 
triplet states (both electrons are spin-up or spin- 
down), the electrons must be on separate dots, 
which is denoted as (1,1). For the singlet state 
(two electrons with opposite spin), the electrons 
can occupy the same dot, which is denoted as 
(0,2) for both electrons on the right dot. 

The first step in beam splitting is to put both 
electrons on one dot in a singlet state. Applying 
a voltage to the right dot will lower the energy 
of the (0,2) state and make it the initial state of 
the system. If the bias is reduced back to a value 
that makes the (1,1) configuration accessible 
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in energy, the system conserves electron spin 
and stays in the singlet state despite taking an 
energy penalty. Beam splitting requires creating 
the triplet state, which seems inaccessible here 
because of spin conservation. However, nuclear 
spins can come into play through the hyper- 
fine interaction between the nuclear and elec- 
tron spins, which couples the singlet and triplet 
states. This effect leads to an avoided crossing of 
energy states (see the figure, panel B). Ifthe bias 
is shifted sufficiently slowly, the transition will 
be adiabatic (i.e., energy-conserving) and allow 
the spin flip needed to create the triplet state (2). 

Petta et al. changed the bias at intermedi- 
ate speed, where one expects the spin state of 


the two electrons to end up in a superposition 
aS) + BIT) of the singlet and triplet states (3), 
to create a beam splitter. To complete the inter- 
ferometer, Petta et al. apply the voltage biases 
in reverse, which is equivalent to the sec- 
ond half-silvered mirror that reunites optical 
beams. Charge measurements can distinguish 
the (0,2) and (1,1) output states. The equiva- 
lent of interference fringes are oscillations in 
the probability for returning to a singlet (0,2), 
which can occur as a function of waiting time 
in the (1,1) configuration, or in the amplitude 
of the dot bias. The probability for ending up in 
the singlet (0,2) state can be calculated within 
Landau-Zener-Stiickelberg theory (3). 
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Optical and electronic beam splitting. (A) A schematic of an optical (or Mach-Zehnder) interferometer illustrates 
how a beam splitter—a half-silvered mirror—divides incoming light into two partial rays. These beams traverse two 
distinct paths defined by the two full mirrors, which can have different lengths because the top mirror can move. 
The beams reunite in a second beam splitter, and depending on the relative phases of the two partial rays, light is 
detected in the upper or lower detector. (B) A schematic of an electronic spin state (or Landau-Zener-Stiickelberg) 
interferometer shows two electrons occupying two quantum dots; the changes in electron energy (top) with applied 
potential € (bottom) are shown over time. Initially, a large energy bias € raises the energy of the left well, and the 
two electrons occupy a spin-paired singlet state in the right well. As the applied bias is reduced to zero, there is an 
avoided crossing between the singlet and spin-parallel triplet states, after which the triplet becomes lower in energy 
as a result of the applied magnetic field. Time, rather than path length, is the key; a fast sweep creates the singlet 
state, whereas a slow sweep creates an adiabatic, or energy-conserving, transition that creates a triplet state through 
an accompanying nuclear spin flip. Transitions at intermediate speeds create superpositions of singlet and trip- 
let, and thus act as a beam splitter. Concatenating two such sweeps results in an interferometer; the probability of 


observing the singlet state oscillates with waiting time f,,.,. 
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Interferometry based on avoided energy- 
level crossings has been demonstrated pre- 
viously in a variety of systems, among them 
superconducting qubits (4), and has been con- 
sidered for optomechanical systems (5). What 
is unusual about the double-dot system of Petta 
etal. is the role of the nuclear spins in the mate- 
rial. In a typical semiconductor quantum dot, 
there are on the order of 1 million nuclear spins 
that are weakly coupled to the electron spin. In 
spin-based quantum information processing, 
they are often viewed as a nuisance because 
they act as a source of decoherence (6), but 
here, they help perform a key step. However, it 
is not easy to rein in the detrimental effects of 
nuclear spins. They can still cause loss of elec- 
tron coherence (3), which in turn leads to some 
loss in the ability to create interference effects. 

These new capabilities may be a boon for 
spin-based quantum information processing 
(7). Single-qubit gates based on single-spin 
electron spin resonance have achieved real 
breakthroughs (8, 9). Fast (~200 ps) two-qubit 
operation has been demonstrated (6), but sin- 
gle-qubit operations on a similar time scale still 
remain a challenge. One can imagine a two- 
spin encoding of the qubit, where a singlet and 
a triplet state play the role of the 0 and 1, rather 
than spin-up and spin-down or other two-spin 
combinations. With this type of qubit, the inter- 
ferometer demonstrated by Petta et al. could 
be used for single-qubit gates on a nanosecond 
time scale. Alternatively, fast qubit rotations 
ina slightly different singlet-triplet qubit can 
be obtained by aligning nuclear spins to cre- 
ate different nuclear polarizations in the two 
dots (10). Fast single-qubit and two-qubit gates 
available in the same system allow for efficient 
quantum error correction and could provide an 
important head start in the battle against deco- 
herence. However, no two-qubit gates for this 
type of qubit, which would involve four spins, 
have been demonstrated so far; time will tell 
which spin-qubit flavor prevails. 
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PHYSICS 


Seeing Quantum Fractals 


Gregory A. Fiete and Alex de Lozanne 


been on a flight that lands near a beauti- 

ful sunny coastline, you will no doubt 
have taken in the scenery on the way down, 
and perhaps even marveled at the winding of 
the shore into the horizon. What you may not 
have realized is that the coastline is actually 
a fractal—an object that appears the same at 
all length scales (perhaps only statistically). 
Fractals actually abound in nature: Galaxies, 
clouds, mountains, trees, and broccoli are all 
familiar examples. But fractals can occur in 
the quantum realm as well, even though they 
have never been observed there, until, perhaps, 
now. Onlpage 665 of this issue, Richardella et 


[: you have been fortunate enough to have 


Epilayer 


Cleavage 


Coming into view. Cleaving the GaAs wafer in situ 
and finding the thin Ga, Mn,As layer near the surface 
is challenging (15), but the wealth of tunneling data 
that can be obtained are worth the effort. As reported 
by Richardella et al., the STM data may share the 
fractal nature observed in many coastlines. 


al. (1) report direct measurements of quantum. 
mechanical electron waves that indicate that 
they may also possess a fractal nature. 
Quantum particles, such as the electrons 
surrounding the nuclei of atoms, have a wave 
nature associated with them that gives rise to 
interference phenomena much like that found 
in waves on the surface of water, light waves, 
or sound waves. Ordinarily these quantum 
mechanical electron waves are extremely dif- 
ficult to see because their ripples occur on the 
scale of the spacing of individual atoms in a 
solid. However, the scanning tunneling micro- 
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scope (STM) has the capability to locally 
image these quantum waves on the surface 
of a material (2, 3). As the STM can measure 
these atomic-scale waves over a wide range 
of energies and with good energy resolution, 
it is an ideal tool to probe quantum mechani- 
cal effects in solid materials. 

The crucial physical ingredient that gives 
rise to fractals in electron waves is the phe- 
nomenon of localization of waves in a disor- 
dered medium (4). A light wave traveling in 
a vacuum will continue traveling indefinitely. 
However, waves traveling in a random envi- 
ronment can get “stuck” or “localized” in cer- 
tain positions due to the complicated pattern 


Mapping the local density of states of a 
700 A by 700 A area of Gag 97Mng o3As 


Fractal coastline 


of constructive and destructive interference 
taking place from random scattering events. 
It turns out that in many situations, a weakly 
random background will still allow wave 
propagation. However, when the fluctuations 
in the random environment become too large 
the waves localize, and are no longer spread 
over the entire system but occupy only a small 
region. There is thus a special value of the ran- 
domness where the waves make the transition 
from being extended over the entire system 
to being localized. At this transition point, 
the waves are fractal (5, 6). In the context of 
electron waves in a solid, the transition from 
extended waves to localized waves as a func- 
tion of disorder is called the metal-insulator 
transition, and its physics is the focus of the 
study by Richardella eg a/. (see the figure). 
The material chosen for their study was 
Ga, Mn. As, a ferromagnetic semiconductor 
intensely studied over the last decade because 
of its potential use in spintronics—electronic 
devices based on the quantum mechanical 


Scanning tunneling microscopy reveals 
indications of fractal electronic structure 
in a magnetic semiconductor. 


spin of the electron. Whereas the nonmagnetic 
semiconductor GaAs has been an industry 
standard for decades, the field of ferromagnetic 
semiconductors opened up when it was shown 
that doping the large—spin transition metal 
Mn into GaAs could result in a ferromagnetic 
material (7) that could readily be interfaced 
with GaAs to allow the efficient injection of 
spin, a requirement for spin-based devices (8, 
9). The Mn introduced into GaAs disorders it, 
and at the same time supplies free charged car- 
riers that form the quantum waves undergoing 
a metal-insulator transition as a function of Mn 
concentration, x (/0). While the magnetic prop- 
erties of Ga, Mn_As were not the focus of the 


work of Richardella ef al., they are intimately 
related to the electrical properties because the 
carriers mediate the magnetic interaction and 
therefore play a direct role in the magnetism 
itself. Obtaining a detailed understanding of 
the electronic states and their precise relation- 
ship to the ferromagnetic properties is the cen- 
tral challenge in this field. The metal-insulator 
transition presents an extra degree of difficulty 
due to the inherent large fluctuations, but also 
grants an opportunity for intriguing quantum 
phenomena to emerge. 

Richardella et al. provide an energy- 
resolved real-space measurement of the quan- 
tum wave properties near the metal-insulator 
transition. Although some features of their 
data are suggestive of fractal aspects of the 
quantum waves, a number of questions are 
raised by their experiments. For example, why 
does the carrier concentration appear to be 
nearly independent of the Mn concentration? 
What is the physics that leads to this preferred 
carrier concentration? Why do the strongest 
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signatures of the metal-insulator transition 
appear at one particular energy, independent 
of Mn concentration? How much do these 
surface measurements reveal about the bulk 
physics? Taken as a whole, the data indicate 
that interactions among the carriers play an 
important role in this system. Complemen- 
tary studies of the metal-insulator transition 
in electrical transport have reached a simi- 
lar conclusion (//). It thus appears likely 
that interaction effects at the metal-insulator 
transition are here to stay, and may even lead 
to novel effects like self-organized quantum 


criticality (12) on the surface of a recently 
discovered class of materials known as topo- 
logical insulators (/3, /4). For the time being, 
it looks like we might have to be content with 
a clear view of fractals from 35,000 feet up. 
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An Ensemble View of Allostery 


Vincent J. Hilser 


lostery is the process by which bio- 
logical macromolecules (mostly pro- 
teins) transmit the regulatory effects 
induced by the binding of a ligand at one site 
to a different, often distant, functional site. 
This process governs the function of almost 
all metabolism and gene regulation (/, 2). 
Despite the importance of this process, a gen- 
eral understanding of the structural and ener- 
getic basis for allostery has been elusive. On 
[page 685) of this issue, Bai e¢ al. (3) shed light 
on a key obstacle to understanding allosteric 
control by showing how proteins existing as 
ensembles of multiple conformations affect 
the allosteric signal transduction process. 
For the past 40 years, allostery has usu- 
ally been interpreted through either of two 
classic models: the concerted model (4) or 
the sequential model (5). The former model 
treats the conformational cou- 
pling between different parts of 


the molecule as absolute, whereas A 


the latter assumes a fixed cou- 
pling between ligand binding and 
conformational changes (6). The 
practical consequence of these 
assumptions is that without know- 
ing how probable the allosterically 
activated states are in the absence 
of the allosteric ligand, it is diffi- 
cult to know what structural and/ 
or energetic features of a protein 
must be present in order for signal 
transduction to occur. 


Energy 
Less stable 


More stable 
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Attempts to resolve this problem have 
relied most heavily on high-resolution struc- 
tural analysis (such as x-ray crystallogra- 
phy) of the various liganded species (7, 8). 
Although such analysis can show what bonds 
are formed and lost between the liganded and 
unliganded species, the underlying assump- 
tion is that the functional states of the mol- 
ecules—the so-called tensed (T) or relaxed 
(R) states—are well represented by single 
static structures. This may not be the case, 
as Bai ef al. show in their analysis of allo- 
stery in the bacterial flagellar motor (3). Their 
work shows that the presence of conforma- 
tional heterogeneity among the subunits in 
the native state ensemble of the protein is key 
both to the allosteric mechanism and to the 
cooperativity of the motor. Thus, a functional 
state cannot be obligatorily associated with a 


Preactivation ensemble 


Proteins existing as ensembles of 
conformations may be key to understanding 
signal transduction processes. 


single static structural state of the protein. 

Recent studies investigating the impor- 
tance of conformational dynamics (9—/2), 
local unfolding (/3—/5), and intrinsic disorder 
(16) to allosteric signaling support the conclu- 
sion that regional changes in the conforma- 
tional heterogeneity of proteins often accom- 
pany allosteric transitions. Thus, allosteric pro- 
teins may often rely on a mechanism in which 
multiple conformations must retain significant 
probabilities in order to function and transmit 
signal. In such cases, structural studies that 
rely ona single static structure to describe the 
activated or inactivated states of the protein 
may only provide limited insight into allosteric 
mechanisms. This potential setback, however, 
is accompanied by a more important opportu- 
nity: Knowledge of the conformational states 
in the native state ensemble can provide vital 
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The ensemble model of allostery reveals the energetic basis of coupling. The ensemble for a protein with an effector 
(I) and a functional (I) subunit is shown (A) before and (B) after activation with an effector ligand (blue circle). Prior to 
activation, the most probable state has an inactive functional subunit (II with black circle). Stabilization of the active confor- 
mation of the effector subunit (blue arrows) populates the active conformation of the functional subunit (II with red star). 
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clues to understanding the ground rules gov- 
erning allosteric control, giving insight into 
how nature designs allosteric proteins, and 
how these same principles can be applied to 
the rational design of signaling systems. 

The important role played by the ensem- 
ble in determining allostery is demonstrated 
in the figure, which shows the allostery 
between an effector (I) and a functional (II) 
subunit. Depending on the energetic cost of 
interconverting from the active to the inac- 
tive state of each subunit, each state in the 
ensemble has a different stability (3, 16-18), 
which determines how much time the protein 
spends in that state. Addition of the effector 
ligand redistributes the ensemble and—pro- 
vided that the ensemble equilibria are suitably 
poised—activates the functional domain. 

Although conceptually simple, this 
ensemble view has important ramifica- 
tions. Specifically, the ability of a protein to 
facilitate site-to-site allosteric coupling can 
be understood in terms of the stabilities of 
the states in the native ensemble (3, /6—/8), 
without requiring detailed insights about the 
mechanical or structural pathways that con- 
nect the coupled sites (/6). Of course, this 
does not mean that understanding allostery 
at the atomic level should not be an ultimate 
goal. To the contrary, the ensemble view 
suggests that the multitude of sequence and 
structural permutations that exist for a par- 
ticular allosteric protein can be reconciled 
within a common framework. 


The implications of an ensemble view of 
allostery are twofold. First, it provides mech- 
anistic insight into, for example, how amino 
acid substitutions distal from the binding sites 
may affect allosteric coupling, or how different 
combinations of amino acid changes can com- 
bine to maintain coupling. Second, and per- 
haps more important, the potential robustness 
of coupling revealed in the ensemble model 
suggests that the evolution and design of allo- 
steric systems may be much more straightfor- 
ward than a detailed analysis of the structural 
interactions might suggest; this speculation 
has recent experimental support (/9, 20). 

Within the context of the ensemble model, 
evolving (or designing) allosteric coupling 
between subunits can be reduced to achiev- 
ing two separate, albeit related goals. First, 
mutations must be introduced that position 
the equilibria between the active and inactive 
states of the different subunits in a regime 
that is suitable to facilitate coupling (3, /6). 
Second, mutations must be introduced that 
maintain a substantial interaction energy 
between one or the other (that is, active or 
inactive) states of each subunit (3, 6). In 
this respect, the ensemble model (see the fig- 
ure) provides a framework for articulating 
the problem in energetic terms, providing the 
ground rules that govern coupling between 
two (or even many) sites. These ground rules 
may serve as the foundation for future design 
strategies targeting the development of sig- 
naling-competent systems. 
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OCEANS 


Iron and the Carbon Pump 


William G. Sunda 


he concentration of carbon dioxide 

(CO,) in Earth’s atmosphere has risen 

by ~38% since the start of the indus- 
trial era as a result of fossil fuel burning and 
land use changes; if current trends continue, 
it is projected to increase further by at least 
a factor of 2 by 2100 (/). About a quarter of 
the CO, emitted through human activities has 
been absorbed by the ocean (/). On[page 676] 
of this issue, Shi et al. show that the result- 
ing acidification of ocean surface waters may 
decrease the biological availability of iron, 
which could in turn reduce the ability of the 
ocean to take up CO, (2). 
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When CO, dissolves in seawater, it reacts 
to release hydrogen ions and bicarbonate ions 
and consume carbonate ions (see the figure). 
The projected increase in surface ocean CO, 
by the end of the century should increase the 
hydrogen ion concentration by a factor of 3 
over the preindustrial level, amounting to 
a decrease in pH from 8.2 to 7.7 (/, 3). The 
hydrogen ion concentration (and thus its 
negative log, pH) controls all acid/base reac- 
tions and influences most oxidation/reduc- 
tion (redox) reactions (4); thus, the predicted 
changes in seawater acidity will fundamen- 
tally alter ocean chemistry (3) and the biology 
that depends on that chemistry. 

Much attention has focused on projected 
decreases in carbonate ion concentrations, 
which should adversely affect many organ- 


Ocean acidification may reduce the biological 
availability of iron, affecting the ocean’s ability 
to absorb more carbon dioxide. 


isms, such as corals and mollusks, that form 
their shells or skeletons from calcium carbon- 
ate (5), and on increases in CO, concentra- 
tions, which may increase rates of nitrogen 
fixation (conversion of dissolved N, to NH,) 
by photosynthetic bacteria (6). Shi et al. dem- 
onstrate another potential effect: a decrease 
in the biological availability of iron to marine 
phytoplankton as a result of pH-linked 
changes in iron chemistry. Phytoplankton 
such as diatoms are responsible for almost all 
marine photosynthesis. They thus play a piv- 
otal role in ocean carbon cycling. 

These findings (2) provide an unexpected 
twist to two biological feedback processes 
in the ocean thought to regulate climate. 
The ocean’s ability to absorb CO, is largely 
controlled by the biological carbon pump, a 
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mechanism consisting of photosyn- 
thetic fixation of CO, in sunlit surface 
waters and subsequent transfer of fixed 
carbon to the ocean’s depths through 
the settling of plankton and other par- 
ticulate organic material (see the fig- 
ure). The settling particles are eventu- 
ally respired back to CO, by bacteria, 
increasing the CO, concentration in 
the ocean’s interior by a factor of 2 to 
3 over that in surface waters. In large 
high-latitude regions, especially the 
Southern Ocean, phytoplankton fixa- 
tion of carbon, and hence the carbon 
pump, is restricted by inadequate sup- 
plies of iron, an hypothesis first pro- 
posed by the late John Martin (7—9). 
Iron concentrations in seawater are 
extremely low because of the low sol- 
ubility of Fe(III), the thermodynami- 
cally stable redox form of iron. Iron 
concentrations in the Southern Ocean 
are especially low (10) because of low 
inputs of iron-rich wind-borne dust 
from arid land regions, the major path- 
way of iron input to the ocean (//). 

In a related process, iron can 
further regulate the ocean’s carbon 
pump by limiting nitrogen fixation 
by marine photosynthetic bacteria, a process 
that controls the ocean’s biologically avail- 
able chemical forms (primarily nitrate) of 
nitrogen (/2). Photosynthesis in much of the 
ocean (such as the mid-ocean gyres) is not 
limited directly by iron but by the availabil- 
ity of nitrogen (/3). By limiting nitrogen fix- 
ation, iron indirectly influences the ocean’s 
biological pump by influencing the supply 
of nitrogen (/2). 

Thus, any process that reduces the avail- 
ability of iron to phytoplankton should 
restrict the ocean’s biological carbon pump, 
thereby increasing atmospheric CO, concen- 
trations and global warming. Shi ef al. found 
that an increase in CO, and concomitant 
decrease in pH within the range expected to 
occur in surface seawater by 2100 decreased 
iron uptake by a diatom species by 10 to 20% 
but had no effect on the relation between 
specific growth rate and cellular iron con- 
centration. By itself, this finding suggests 
that a lowering of the ocean water pH from 
increasing CO, may decrease iron availabil- 
ity to phytoplankton, thereby restricting the 
biological carbon pump. 

But when we consider other complicat- 
ing factors, the implications are less clear. 
The decrease in biological iron uptake with 
decreasing pH is believed to be largely linked 
to a pH-driven increase in the binding of 
iron by dissolved organic molecules (called 
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cos, H* 


ligands), which reduces the concentration of 
highly biologically available dissolved inor- 
ganic Fe(III) species. Independent measure- 
ments indeed indicate that lower pH increases 
iron binding to organic ligands in seawater 
(/4). But increased organic binding should 
also decrease the tendency of iron to precipi- 
tate as Fe(III) oxides and to adsorb on parti- 
cle surfaces—two key mechanisms by which 
iron is removed from seawater—and could 
thus increase iron retention rates and dis- 
solved iron concentrations. 

Moreover, rates of Fe(III) reduction to 
soluble Fe(II) also generally increase [and 
rates of reoxidation to Fe(III) decrease] with 
decreasing seawater pH (3). These changes 
may increase concentrations of biologi- 
cally available Fe(II). In a recent mesocosm 
experiment with coastal seawater, a tripling 
of the CO, partial pressure over current levels 
increased concentrations of ferrous iron by a 
factor of 2, but effects on biological uptake 
were not assessed (/5). 

Finally, inputs of iron from wind-borne 
desert dust (//) will likely change with chang- 
ing regional climate patterns, and inputs of 
highly soluble, iron-rich soot particles from 
the burning of oil and other fossil fuels may 
increase (/6). 

Thus, the availability of iron to phyto- 
plankton in a future CO,-enriched Earth will 
be controlled by a number of complex and 
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The carbon pump. Anthropogenic CO, emissions increase surface ocean concentrations of CO, and hydrogen ions, 
which in turn affects iron chemistry and iron-limited photosynthetic fixation of CO, by algal cells. This CO, fixation 
regulates the ocean’s ability to absorb CO, by the settling of al 
ocean. CO, is released into the deep ocean by bacterial respiration of the settling particles; here, it undergoes the 
same chemical reactions as shown for surface ocean waters. In deep ocean waters (below ~800 m depth), CO, has a 
residence time of ~1000 years. 
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poorly resolved factors, whose combined 
effect is uncertain. By providing new infor- 
mation on iron availability at low pH, Shi et 
al. help to reduce that uncertainty and pro- 
vide new insights needed to refine ocean car- 
bon cycling models. Their findings also high- 
light the important issue of potential future 
changes in iron regulation of ocean produc- 
tivity and climate with increasing anthropo- 
genic CO, emissions. 
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Development of Monocytes, 
Macrophages, and Dendritic Cells 
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Miriam Merad,° Klaus Ley®* 


Monocytes and macrophages are critical effectors and regulators of inflammation and the innate 
immune response, the immediate arm of the immune system. Dendritic cells initiate and regulate the 
highly pathogen-specific adaptive immune responses and are central to the development of 
immunologic memory and tolerance. Recent in vivo experimental approaches in the mouse have 
unveiled new aspects of the developmental and lineage relationships among these cell populations. 
Despite this, the origin and differentiation cues for many tissue macrophages, monocytes, and dendritic 
cell subsets in mice, and the corresponding cell populations in humans, remain to be elucidated. 


hite blood cells, or leukocytes, are a 
\ X / diverse group of cell types that mediate 
the body’s immune response. They 


circulate through the blood and lymphatic system 
and are recruited to sites of tissue damage and 
infection. Leukocyte subsets are distinguished by 
functional and physical characteristics. They have 
a common origin in hematopoietic stem cells and 
develop along distinct differentiation pathways in 
response to internal and external cues. The 
mononuclear phagocyte system represents a 
subgroup of leukocytes originally described as a 
population of bone marrow-derived myeloid cells 
that circulate in the blood as monocytes and 
populate tissues as macrophages in the steady 
state and during inflammation (/). In different 
tissues, they can show substantial heterogeneity 
with respect to phenotype, homeostatic turnover, 
and function. The discovery of dendritic cells 
(DCs) as a distinct lineage of mononuclear 
phagocytes, specialized in antigen presentation to 
T cells and the initiation and control of immunity 
(2), revealed additional roles of these cells in 
shaping the immune response to pathogens, 
vaccines, and tumors, as well as additional 
heterogeneity. Whereas a detailed map of the 
relationship between monocytes and DCs and 
their progenitors begins to emerge, other areas 
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like the origin and renewal of tissue macrophage 
subsets remain less defined. 


Monocytes 

Monocytes (Fig. 1A) circulate in the blood, 
bone marrow, and spleen and do not proliferate 
in a steady state (3, 4). Monocytes represent 
immune effector cells, equipped with chemo- 
kine receptors and adhesion receptors that 
mediate migration from blood to tissues during 
infection. They produce inflammatory cytokines 
and take up cells and toxic molecules. They 
can also differentiate into inflammatory DCs or 
macrophages during inflammation and possibly, 


less efficiently, in the steady state. Migration to 
tissues and differentiation to inflammatory DCs 
and macrophages are likely determined by the 
inflammatory milieu and pathogen-associated 
pattern-recognition receptors (5). 


Macrophages 

Macrophages (Fig. 1A) are resident phagocytic 
cells in lymphoid and nonlymphoid tissues and 
are believed to be involved in steady-state tissue 
homeostasis, via the clearance of apoptotic cells, 
and the production of growth factors. Macro- 
phages are equipped with a broad range of 
pathogen-recognition receptors that make them 
efficient at phagocytosis and induce production 
of inflammatory cytokines (6). The developmen- 
tal origin and the function of tissue macrophage 
subsets, such as microglia (macrophages in the 
central nervous system), dermal macrophages, 
and splenic marginal zone and metallophilic 
macrophages remain insufficiently understood. 


Classical DCs 

Classical DCs (cDCs) are specialized antigen- 
processing and -presenting cells, equipped with 
high phagocytic activity as immature cells and 
high cytokine-producing capacity as mature 
cells (7, 8). Although present in human circula- 
tion, cDCs are rare in mouse blood. cDCs are 
highly migratory cells that can move from 
tissues to the T cell and B cell zones of lymphoid 
organs via afferent lymphatics and high endo- 
thelial venules. cDCs regulate T cell responses 


Fig. 1. (A) Still frames from 
time-lapse intravital confocal mi- 
croscopy of a crawling monocyte 
(arrow) and perivascular macro- 
phages in the dermis. Scale bar 
indicates 20 um, initial magnifi- 
cation 20x. [Credit: F. Geissmann; 
for details, see (52)] (B) Dividing 
LCs in the epidermis. Scale 
bar, 20 um; initial magnifica- 
tion 20x. [Credit: |. Chorro 
and F. Geissmann; for details, 
see (35)] (C) Confocal micro- 
graph of aortic whole mount 
from a Cx3cr1°’F? Apoe 
mouse viewed from endotheli- 
al side. Scale bar, 20 um; 
initial magnification 20x. [Credit: 
K. Ley] (D) Intravital two photon 
microscopic image of intestinal 
villi of CD11c* cell-depleted 
mice reconstituted by grafts of 
bone marrow monocytes expressing 
red and green fluorescent report- 
ers and yielding red and green 
fluorescent lamina propria cells, 
respectively. Scale bar, 20 jum; 
initial magnification 40x. [Credit: 
S. Jung and G. Shakhar; for de- 
tails, see (26)] 
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Fig. 2. Differentiation of DCs and macrophages in mice. In the bone marrow, 
hematopoietic stem cells (HSCs) produce myeloid (MP) and lymphoid (LP) 
committed precursors. MPs give rise to monocyte, macrophage, and DC 
precursors (MDPs). MDPs give rise to monocytes, some populations of 
macrophages, and common DC precursors (CDPs). Two monocyte subsets, Ly- 
6C* and Ly-6C, leave the bone marrow to enter the blood. CDPs give rise to 
preclassical dendritic cells (pre-cDCs) and plasmacytoid dendritic cells (PDCs). 
Pre-cDCs circulate in blood and enter lymphoid tissue, where they give rise to 
CD8a* and CD80 cDCs, and nonlymphoid tissues, where they may give rise 
to CD103* lamina propria DCs (lpDCs). Under homeostatic conditions, Ly-6C_ 
monocytes may contribute to alveolar macrophages (M®), and Ly-6C* 


monocytes can become CX3CR1* lpDCs in nonlymphoid tissues. During 
inflammation, Ly-6C* monocytes give rise to monocyte-derived DCs, for 
example, tumor necrosis factor (TNF) and inducible nitric oxide synthase 
(iNOS)—producing dendritic cells (TipDCs), inflammatory macrophages, and may 
contribute to myeloid-derived suppressor cells (MDSCs) associated with tumors. 
They are also suspected (dashed arrow) to contribute to microglia and Langerhans 
cells in selected experimental conditions. Microglia and Langerhans cells can 
renew independently from the bone marrow (curved arrow). HSCs can also leave 
their bone marrow niche (dashed arrow) and enter peripheral tissues, where they 
differentiate to myeloid cells during inflammation. It is unclear at this time 
whether LPs contribute substantially to PDCs and cDCs (dashed arrow). 


both in the steady state and during infection. 
They are generally short-lived and replaced by 
blood-borne precursors (9, /0). Of note, they 
are distinct from Langerhans cells (Fig. 1B) 
(DCs found in the epidermis), which are not re- 
placed by blood-borne cells at steady state (//). 
Individual myeloid cell populations may share 
features of DCs and macrophages and can be 
difficult to ascribe to one or the other cell type 
(Fig. 1, C and D). 


Plasmacytoid DCs 

Plasmacytoid DCs (PDCs) differ from cDCs 
in that they are relatively long-lived and a 
proportion of them carry characteristic immuno- 
globulin rearrangements (/2). They are present 
in the bone marrow and all peripheral organs. 
PDCs are specialized to respond to viral 


infection with a massive production of type I 
interferons (IFNs); however, they also can act 
as antigen-presenting cells and control T cell 
responses (/3). 

The development of the mononuclear phago- 
cyte system is controlled by cytokines: small 
secreted proteins that promote cell-cell commu- 
nication and can act as growth and differentia- 
tion factors. The generation of monocytes and 
macrophages, and to some extent DCs, is 
dependent on the cytokine and hematopoietic 
growth factor receptor Csflr (also known as 
c-fms, M-CSFR, and CD115), expressed in 
monocytes, macrophages, and mononuclear 
phagocyte precursors (/4—/7). Characterization 
of op/op mice, a spontaneous mutant lacking a 
functional Csf7 gene, has revealed both the 
role of Csfl in the development of mono- 


nuclear phagocytes and also their broad func- 
tions (17). The known ligands of Csflr, Csf1/ 
M-CSF (/8) and interleukin (IL)-34 (79), are 
likely both important for the development of 
the mononuclear phagocyte lineage, because 
M-CSF-deficient mice have a milder pheno- 
type than Csflr-deficient mice. Another cyto- 
kine receptor closely related to Csflr, fms- 
related tyrosine kinase 3 (FLT3, also known as 
Flk2) receptor, is critical for the development of 
cDCs and PDCs (/0, 20-22). 

Following on the early work on Csflr, a 
large amount of work has been devoted in the 
past 20 years to investigating the origin and 
differentiation pathways of monocytes, mac- 
rophages, and DCs. This recently culminated 
in a series of studies that unveiled what is 
likely to be the main pathway for the develop- 
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ment of DCs, monocytes, and macrophages from 
bone marrow progenitors both in the steady state 
and during inflammation. 


What Are the Precursors of Monocytes, 
Macrophages, and DCs? 
The use of multicolor fluorescence-activated cell 
sorting has allowed identification of progenitors 
and differentiated cell populations on the basis 
of the expression of multiple cell surface pro- 
teins (table $1). These cells can then be isolated 
from mouse bone marrow, blood, or spleen and 
grafted into recipient mice to determine lineage 
relationships. This methodology was recently used 
to delineate the DC developmental program in 
vivo (3, 9, 23-26). Current models propose that 
blood monocytes, many macrophage subsets, and 
most DCs originate in vivo from hematopoietic 
stem cell-derived progenitors with myeloid- 
restricted differentiation potential (Fig. 2). Suc- 
cessive commitment steps in the bone marrow 
include common myeloid progenitors (CMPs), 
granulocyte-macrophage precursors (GMPs), and 
macrophage/DC progenitors (MDPs). MDPs are 
a subset of proliferating cells in the bone marrow 
that share phenotypic characteristics with mye- 
loid precursor populations and give rise to many 
macrophages and DC subsets (24) (table S1) but 
largely cannot differentiate into granulocytes, 
another cell type of the myeloid lineage. Within 
the bone marrow, MDPs differentiate to mono- 
cytes and to the common DC precursors (CDPs). 
The CDPs are proliferating cells that differ- 
entiate into PDCs and the precursors for cDCs 
(pre-cDCs) in the bone marrow but have lost the 
potential to give rise to monocytes (9, 23, 27). 
At steady state, pre-cDCs are found in the bone 
marrow, blood, and spleen (9, 28). They enter 
lymph nodes from the blood through high endo- 
thelial venules and integrate into the DC net- 
work, where they acquire a mature cDC surface 
phenotype and morphology. cDC development 
also involves cell division in lymphoid organs, 
which is controlled in part by regulatory T cells 
(9), Flt3 (/0), and the lymphotoxin-B receptor 
(29). Pre-cDCs can also differentiate into CD103" 
mucosal DCs in the lamina propria (26, 30). 
Monocytes exit to the blood and can enter 
tissues under inflammatory conditions. They 
give rise to subsets of macrophages and to 
inflammatory DCs that share many of the phe- 
notypic features and functions of DCs, such as 
the ability to process and present antigen to T 
cells (3, 5, 26, 31, 32); however, it is now 
widely accepted that monocytes do not give 
rise to cDCs and PDCs (9, 24). 


Are There Exceptions to the Classical 
Developmental Pathways? 

Although many macrophages and DC subsets 
are renewed from bone marrow progenitors, 
there are notable exceptions. For example, 
neither microglia nor Langerhans cells (LCs) 
are dependent on the bone marrow for their 
renewal in the steady state and possibly during 


inflammation (33, 34). LCs were recently 
shown to develop from an embryonic precursor 
that colonizes the epidermis before birth, differ- 
entiates in situ, and then proliferates during the 
first week of life to establish the LC network 
(35). Adult LCs self-renew in situ and can 
massively proliferate during inflammation (35). 
Thus, epidermal LCs appear to be their own 
progenitors. In contrast, hematopoietic stem 
cells and precursors recirculate between the 
periphery and the bone marrow in adults (36) 
and may contribute directly to the differentiation 
of certain myeloid cells in inflamed tissues (37). 
Lymphoid-restricted progenitors contribute little 
to peripheral lymphoid organ or tissue DCs, with 
the possible exception of the thymus. There, 
developing T cells and potentially a proportion of 
thymic macrophages, DCs, PDCs, and B cells 
might be derived directly from blood-borne early 
thymocyte progenitors (38, 39). 


What Are the Origins of Nonlymphoid Tissue 
Resident Dendritic Cells? 

Recent studies have established the existence of 
two distinct DC populations in the lung and der- 
is [reviewed in (34)], which are characterized as 
03° and CX3CR1* DCs. Likewise, recent 
studies have revealed phenotypically definable 
1c’ CD103* and CX3CRI* subpopulations in 
intestinal lamina propria (26, 30, 40) (table 
$1), which are derived from pre-cDCs and Ly6C* 
monocytes, respectively (26). Mice reconstituted 
exclusively with CX;CR1* lamina propria cells 
developed severe intestinal inflammation when 
challenged in an innate colitis model (26). Thus, 
the balance of lamina propria DC subsets is likely 
important for gut homeostasis. Of note, only 
CD103* cells emigrate from the lamina propria to 
the mesenteric lymph nodes (30, 47). CX;CRI* 
cells are poor T cell stimulators (47) and thus 
may represent lamina propria macrophages rather 
than DCs. 


What Is the Developmental Relationship 
Between Mature Monocyte Subsets? 
Differentiation of MDPs into monocytes and 
macrophages is less well understood than their 
differentiation into DCs. Among differentiated 
“mature”? monocytes in the bone marrow, blood, 
and spleen, at least two phenotypic and 
functional subsets can be identified [reviewed 
in (3)], whose developmental relationship is still 
unclear. Adoptive transfer experiments demon- 
strate that bone marrow Grl*/Ly-6C™®" mono- 
cytes can shuttle between the blood and the bone 
marrow and lose Ly-6C expression (25, 42), 
suggesting that they give rise to Grl /Ly-6C°™ 
monocytes. However, neither a genetic defect in 
nor antibody-mediated depletion of Grl‘/Ly- 
6c™" monocytes affected the generation of 
Grl /Ly-6C’™ monocytes (43-46). When bone 
marrow is used as a source of monocytes, cur- 
rent adoptive transfer protocols may not always 
distinguish mature Grl*/Ly-6C™®" monocytes 
from their proliferating precursors because pre- 


monocytes are ill-defined. Therefore, a better 
characterization of monocyte precursors and new 
lineage tracking studies will be needed to estab- 
lish the developmental relationship between mono- 
cyte subsets. 


Are Monocytes Effector Cells or 

Circulating Precursors? 

Monocytes have long been considered as a 
developmental intermediate between bone mar- 
row precursors and tissue macrophages. It is 
now clear, however, that many DCs and tissue 
macrophages do not originate from monocytes 
in a steady state. Conversely, monocytes carry 
out specific effector functions during inflamma- 
tion (3). “Inflammatory” Grl*/Ly-6C" mono- 
cytes are referred to as such because they give 
rise to macrophages and DCs in a variety of 
infectious models. During infection with Listeria 
monocytogenes, Grl*/Ly-6C"®" monocytes dif: 
ferentiate into DCs that produce inflammatory 
mediators such as tumor necrosis factor a, nitric 
oxide, and reactive oxygen species (known as 
TipDCs) (5, 47). Grl/Ly-6C™®" monocytes are 
required for resistance to the pathogen Zoxoplasma 
gondii but in this case differentiate into mucosal 
macrophages, which differ in surface phenotype 
and inflammatory mediator production from 
TipDCs (48, 49). In some tumors, up to half of 
the myeloid-derived suppressor cells [cells that 
can protect tumors from immune attack (50)] 
are Grl*/Ly-6C™®". Upon spinal cord injury, 
recruited Grl*/Ly-6C™® monocytes differen- 
tiate into macrophages that critically contrib- 
ute to the recovery (5/). Thus, Grl*/Ly-6C™" 
monocytes can differentiate into a variety of 
macrophages and DCs subtypes that can both 
activate and inhibit the immune response, de- 
pending on local or systemic cues received 
and the nature of encountered pathogen. 


Are Gr1/Ly-6C'™ Monocytes a New Cell Subset 
with a Role in Tissue Repair? 

Grl/Ly-6C” monocytes represent a function- 
ally distinct monocyte subset (52). They are 
characterized by a smaller size, lack of expres- 
sion of CCR2 and L-selectin, but higher expres- 
sion of the chemokine receptor CX3CR1 and the 
integrin LFA-I (3/) (table S1). Grl /Ly-6C*™” 
monocytes were initially termed “resident” in mice 
because of their longer half-life in vivo and their 
localization to both resting and inflamed tissues 
after adoptive transfer. Intravital microscopy 
revealed that Grl/Ly-6C"’ monocytes exhibit 
long-range crawling on the luminal side of the 
vascular endothelium and are ideally located to 
survey endothelial cells and surrounding tissues for 
damage or infection (52). Moreover, Grl /Ly-6C"™ 
monocytes are recruited at a late phase to the is- 
chemic myocardium, where they express vascular- 
endothelial growth factor (VEGF), and are 
proposed to promote healing via myofibroblast 
accumulation, angiogenesis, and deposition of 
collagen (53). Transcriptional profiling of extra- 
vasated monocytes retrieved from the peritoneum 
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Fig. 3. Phenotype of transcription factor knockout (KO) mice in different populations of the MPs. The {| indicates a 


DCs and M1-like macrophages, 
respectively. 


reduction in KO; t is an increase in KO; and « means unchanged numbers of the populations, suggesting a positive 


(green), negative (red), or no (black) effect on the development of the respective population. Number of arrows indicates 
the relative strength of the effect. Specific notes are as follows: (a) MDPs have not been specifically analyzed but PU.1- 
deficient mice lack all myeloid progenitors, of which MDPs are a subpopulation; (b) in one study ($7), CD8* CD11c* cells 
were detected in E16.5 embryos; (c) some macrophage subpopulations are present in the embryo; (d) LyC6/LyCé6*, 
respectively; (e) M-CSF—dependent differentiation in culture; (f) MDPs were not specifically studied, but the population of 
lin” ckit* Flt3* progenitors, which includes MDPs, was reduced; (g) dominant negative allele; and (h) low-level 


expression. References $1 to 529 are found in the supporting online material (SOM). 


after L. monocytogenes infection (3, 52) indicates 
that Grl /Ly-6c’” monocytes initiate a macro- 
phage differentiation program that resembles the 
one described for “alternatively activated macro- 
phages,” cells that are proposed to be involved in 
tissue repair (54) (also known as M2 macro- 
phages). Conversely Grl*/Ly-6C™" monocytes 
that entered the peritoneum at the same time 
initiate a more inflammatory “classical” transcrip- 
tional program that resembles TipDCs or M1 
macrophage differentiation. Direct experimental 
evidence that monocytes are involved in tissue 
repair is missing, however, and the differential 
contributions of monocyte subsets to neoangio- 
genesis (55, 56) need further study. 


What Determines Monocyte 

Differentiation Potential? 

The emerging evidence that monocyte subsets 
exert distinct functions and have distinct fates, 


such as the differentiation into cells with 
features of M1 and M2 macrophages, seem- 
ingly contradicts the notion of a general 
plasticity of monocytes and macrophages, 
which holds that monocytes respond to their 
environment by differentiating into a variety 
of macrophages and DC-like cells [reviewed 
in (57)]. This concept of plasticity is largely 
based on the effects of cytokines on monocytes 
in vitro. Exposure to granulocyte-macrophage 
colony-stimulating factor (GM-CSF) and IL-4 
induces differentiation of human and mouse 
monocytes into DCs, irrespective of their subset 
(58, 59). Moreover, addition of transforming 
growth factor-B1 confers the phenotype of LCs 
(60), whereas exposure to M-CSF induces 
monocytes to differentiate into macrophages. 
Addition of IFNy (or lipopolysaccharide) to M- 
CSF induces the differentiation of M1-like 
macrophages, whereas addition of IL4 induces 


Transcriptional Control of 
Lineage Commitment in the 
Mononuclear Phagocyte System 
The successively more re- 
stricted lineage potentials of 
MDPs, CDPs, pre-DCs, mono- 
cytes, macrophages, and DCs in- 
volve the selection of specific 
gene expression programs. For some pathways, 
the transcription factors responsible for these cell 
fate choices have recently begun to be eluci- 
dated. Although several transcription factor 
knockout mice show deficiencies in the mono- 
nuclear phagocyte system, they often display 
broad effects in multiple cell types (3, 34, 64) 
(Fig. 3). A few exceptions have been identified, 
such as the loss of PDCs in mice deficient for 
the basic helix-loop-helix transcription factor 
E2-2 (65) or the loss of CD8a* cDCs in mice 
deficient for the basic leucine zipper 
transcription factor Batf3 (66). Similarly selec- 
tive transcription factor requirements may be 
responsible for monocyte (44) and macrophage 
subtypes and will require further investigation. 
However, broad effects on many lineages do 
not necessarily exclude important functions in 
specific commitment events. An instructive 
example is the myeloid transcription factor 
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PU.1. Although PU.1 is required for the earliest 
steps of myeloid lineage commitment in hema- 
topoietic stem cells (67) and its absence results 
in general myeloid lineage deficiencies (3, 34), 
PU.1 has additional key selector gene functions 
at several branch points of myeloid lineage diver- 
sification, particularly during the macrophage- 
versus-DC choice of monocytes (68). The 
function of PU.1 at particular progenitor stages 
depends on its balance with antagonistic factors 
driving alternative fates. Intermediate expression 
of PU.1 in GMPs can overcome the neutrophil 
fate-inducing effects of the basic leucine zipper 
transcription factor C/EBPo. and activate the 
macrophage-specifying zinc finger transcription 
factors Egr-1 and Egr-2 (3, 69). In contrast, high 
expression of PU.1 is required to induce a DC fate 
in monocytes and to antagonize the macrophage- 
inducing transcription factors c-Maf and MafB 
(3, 68). Of interest, the transcription factor 
balance specifying M2 or DC fate of monocytes 
in culture correlates with cell fate choice in vivo, 
as outlined above for the programs initiated by 
Ly6C*™ and Ly6C™" monocytes upon L. mono- 
cytogenes infection of the peritoneum (52, 68). 

In general, gain-of-function experiments have 
been informative in defining transcription factor 
potential in driving particular cell fate choices. 
For example, ectopic expression of the transcrip- 
tion factors MafB, c-Maf, Egrl, ICSBP/IRF8, 
KLF4, and PU.1 in early progenitors can drive 
monocyte/macrophage fates. PU.1 and RelB in- 
duce DC differentiation via monocytic inter- 
mediates and E-box proteins (likely mimicking 
endogenous E2-2) or SpiB can induce PDC 
fates (3). In most of these experiments, however, 
undefined or early progenitor-enriched popula- 
tions were used. Given that the function of any 
factor will depend on other cooperating and an- 
tagonistic transcription factors expressed at each 
specific progenitor stage (70), this makes it dif- 
ficult to precisely identify the affected commit- 
ment event. Such differentiation stage-specific 
manipulation of transcription factors will require 
models that faithfully reproduce defined differ- 
entiation stages in culture, the development of 
new genetic tools of inducible gene regulation in 
vivo, or adoptive transfer of genetically marked, 
defined cell populations. 

Another aspect of emerging importance is 
the coupling of cytokine receptor signaling with 
specific transcription factors in lineage commit- 
ment. For example, signal transducer and 
activator of transcription 3 (STAT3) is required 
for FIt3L- but not GM-CSF—mediated DC 
differentiation (27, 34, 64). Similarly, Id2 and 
Runx3 mediate TGFB signals in LC differenti- 
ation (34, 64). Furthermore, MafB limits M-CSF 
signals and inhibits PU.1 activation in HSCs 
(67), whereas MafB and c-Maf together inhibit 
M-CSF-dependent proliferative signals in mature 
monocytes and macrophages and assure their 
withdrawal from cell cycle (7/). 

Besides transcription factors, epigenetic 
modification, with large-scale histone and 


DNA modifications like acetylation and meth- 
ylation, and micro-RNAs have recently been 
reported to regulate important functions of 
mononuclear phagocytes (72, 73) and are also 
emerging as important determinants of lineage 
choice but will not be discussed here. 


Perspectives and Future Challenges 
Although the studies discussed above have shed 
light on the in vivo development and homeosta- 
sis of the mononuclear phagocyte system, 
mechanisms that control replacement of many 
macrophage subsets and resident cells remain 
mysterious. Most organs contain resident tissue 
macrophages, many of which have long half- 
lives. After irradiation and other forms of tissue 
injury, bone marrow-derived cells frequently 
repopulate the injured organs. Whether bone 
marrow-derived cells under inflammatory 
conditions assume the same phenotype and 
function as resident cells that populate tissues 
under steady state conditions remains largely 
unclear. Fate mapping experiments investigating 
steady state developmental potential will there- 
fore have to avoid experimental inflammation. 
Toward this end, Cre recombinase expression 
under the control of promoters for key markers 
(such as lysozyme) have been used to activate 
conditional reporter genes so that all down- 
stream daughter cells express a stable marker 
(9). It has to be cautioned, however, that “key” 
markers are seldom completely specific; pro- 
genitor cells can express low levels of the marker 
and marker-positive cells may not uniformly turn 
on the reporter, all of which may complicate the 
interpretation of such lineage-marking exper- 
iments (74, 75). Parabiotic mice and adoptive 
transfer into mice in which cell populations have 
been depleted by genetic means may provide 
complementary approaches. 

The transcription factors controlling mono- 
cyte and macrophage subtype-specific programs 
in vivo also need to be identified. Models that 
faithfully reproduce defined differentiation 
stages in culture and the development of new 
genetic tools of inducible gene regulation that 
enable precise differentiation by stage-specific 
manipulation of transcription factors in vivo 
could accelerate discovery in this area. The use 
of new model systems for the study of 
phagocytes, such as Drosophila melanogaster, 
which lack lymphocytes but possess a powerful 
innate immune system and are perfectly suited 
for genetic studies and in vivo imaging, has the 
potential to accelerate discovery of genetic 
pathways that control the development and 
functions of phagocytes in vivo (76-78). 

Another challenge will be to translate 
knowledge obtained from mouse and other 
models into a better understanding of the 
mononuclear phagocyte system and its role in 
inflammation and associated diseases in humans. 
A large number of studies have attempted to 
recapitulate in vitro some of the heterogeneity of 
DCs and macrophages. On the basis of these 


studies, functional subsets of macrophages and 
DCs (e.g., tolerogenic DCs) inside tissues have 
been proposed to mediate important functions 
in vivo, such as tissue repair, angiogenesis, or 
tolerance to self. Laser capture dissection tech- 
niques are being developed to obtain gene ex- 
pression data from macrophages isolated from 
tissues (79). Flow cytometry—based cell sort- 
ing approaches also hold promise for isolating 
pure macrophage and DC populations from 
various tissues and organs. These techniques are 
especially important in order to translate some 
of the findings made in mice into the human 
system. Global expression profiling of mouse 
DC, macrophages, and monocyte subsets might 
assist in the identification of corresponding 
human populations. Human hemato-lymphoid- 
system mouse models that will provide in vivo 
DC and macrophage readouts from human hema- 
topoietic stem cells and progenitor cells will also 
be important (80). Lastly, studies of patients with 
deficiencies for genes involved in myeloid cell 
differentiation and functions will be critical to 
assess the relevance of models derived from 
studies in the mouse and in vitro experiments 
in human cells (8/). 
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100-GHz Transistors from 
Wafer-Scale Epitaxial Graphene 


Y.-M. Lin,* C. Dimitrakopoulos, K. A. Jenkins, D. B. Farmer, H.-Y. Chiu, 


A. Grill, Ph. Avouris* 


raphene is the thinnest electronic mate- 
G: merely one atom thick, with very 
high carrier mobilities, and therefore it 
should enable transistors operating at very high 
frequencies (/—3). Here, we present field-effect 
transistors (FETs) fabricated on a 2-inch graphene 
wafer (Fig. 1A) with a cutoff frequency in the 
radio frequency range, as high as 100 GHz. 
Graphene (one to two layers) was epitaxially 
formed on the Si face of a semi-insulating, high- 
purity SiC wafer by thermal annealing at 1450°C 
(4) and exhibited an electron carrier density of 
~3 x 10!° cm™ and a Hall-effect mobility be- 
tween 1000 to 1500 em? V1-s'. In order to form 


the top gate stack, an interfacial polymer layer 
made of a derivative of poly-hydroxystyrene was 
spin-coated on the graphene before atomic layer 
deposition of a 10-nm-thick HfO) insulating layer 
(5). These gate dielectric deposition steps main- 
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gate 
dielectric, 
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drain 
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tained the Hall-effect carrier mobility, between 
900 to 1520 em V's’, for devices fabricated 
across the 2-inch wafer. 

Arrays of top-gated FETs were fabricated 
with various gate lengths, Lg, the shortest being 
240 nm. The drain current, Jp, of graphene 
FETs measured as a function of gate voltage, Vq 
(Fig. 1B), exhibited n-type characteristics. For 
all of our graphene FETs, the Dirac point (the cur- 
rent minimum) always occurred at V4 < -3.5 V. 
This value corresponds to a rather high electron 
density (>4 = 10'? cm™) in the graphene chan- 
nel at a zero gate bias state and is advantageous 
for achieving low series resistance of graphene 
FETs. As a result, the device transconductance, 
2m» defined by d/p/dVG, is nearly constant over 
a wide V, range in the on state (right axis in 
Fig. 1B). The output characteristics (Fig. 1C) 
differ from those of conventional Si FETs be- 
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Fig. 1. (A) Image of devices fabricated on a 2-inch graphene wafer and schematic cross-sectional view 
of a top-gated graphene FET. (B) The drain current, /p, of a graphene FET (gate length Lg = 240 nm) as 
a function of gate voltage at drain bias of 1 V with the source electrode grounded. The device 
transconductance, g,,, is shown on the right axis. (C) The drain current as a function of Vp of a graphene 
FET (Lg = 240 nm) for various gate voltages. (D) Measured small-signal current gain lh; as a function 
of frequency f for a 240-nm-gate (<) and a 550-nm-gate (A) graphene FET at Vp = 2.5 V. Cutoff 
frequencies, f;, were 53 and 100 GHz for the 550-nm and 240-nm devices, respectively. 
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cause of the absence of a band gap in graphene. 
No clear current saturation was observed at drain 
biases up to 2 V or before device breakdown, so 
the device transconductance increases with drain 
voltage for these graphene FETs. 

The scattering (S) parameters of these tran- 
sistors were measured to investigate their high- 
frequency response. The short-circuit current 
gain |ho,| (the ratio of small-signal drain and 
gate currents) was derived from measured S pa- 
rameters and displays the 1/f frequency depen- 
dence expected for an ideal FET (Fig. 1D). 
The cutoff frequency f; is the frequency at which 
the current gain |h,,| becomes unity and signifies 
the highest frequency at which signals are propa- 
gated. For a gate length of 240 nm, fy as high as 
100 GHz was measured at a drain bias of 2.5 V. 

This 100-GHz cutoff frequency exceeds those 
of graphene FETs previously reported (/—3, 5) 
as well as those of Si metal-oxide semiconduc- 
tor FETs of the same gate length (~40 GHz at 
240 nm) (6). In addition to the current gain, the 
graphene FETs also possess power gain, Gyac, 
up to fax ~ 14 GHz and 10 GHz for 550-nm 
and 240-nm gate lengths (7), respectively. Both 
fr and fax are important figures of merit of 
transistor performance. fy reflects the intrinsic 
behavior of a transistor channel, whereas fax 
also strongly depends on other factors such as 
the device layout and can be further enhanced, 
for example, by optimizing the gate contact 
leads. 

The graphene FETs, made by using wafer- 
scale graphene synthesis and fabrication processes, 
demonstrate the high potential of graphene for 
electronics applications. 
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Detection of Gamma-Ray 
Emission from the Vela Pulsar 
Wind Nebula with AGILE 
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Pulsars are known to power winds of relativistic particles that can produce bright nebulae by 
interacting with the surrounding medium. These pulsar wind nebulae are observed by their radio, 
optical, and x-ray emissions, and in some cases also at TeV (teraelectron volt) energies, but the lack of 
information in the gamma-ray band precludes drawing a comprehensive multiwavelength picture of 
their phenomenology and emission mechanisms. Using data from the AGILE satellite, we detected 
the Vela pulsar wind nebula in the energy range from 100 MeV to 3 GeV. This result constrains the 
particle population responsible for the GeV emission and establishes a class of gamma-ray emitters 
that could account for a fraction of the unidentified galactic gamma-ray sources. 


he Vela supernova remnant (SNR) is the 

| nearest SNR (distance ~ 290 pe) containing 

a bright pulsar, PSR B0833-45, which 

has a characteristic age of 11,000 years and a 
spin-down luminosity of 7 x 10*° erg s! (/, 2). 
This SNR extends over a diameter of ~8° and is 
known from early radio observations to embrace 
a number of regions of nonthermal emission (3) 
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including Vela X, a flat-spectrum radio compo- 
nent with a diameter of 100 arc min near the 
center of the SNR. Vela X, separated from PSR 
B0833-45 by ~40 arc min, is generally inter- 
preted as the pulsar’s radio synchrotron nebula 
(4, 5). A diffuse emission feature (~1° long) co- 
incident with the center of Vela X was detected 
in x-rays (0.6 to 7.0 keV) by the Réntgen (6) 
and ASCA (7) satellites. It was first suggested 
that this feature, which is closely aligned with a 
filament detected at radio wavelengths, corre- 
sponds to the outflow jet from the pulsar’s pole 
(8). More recently, observations with Chandra (9) 
clearly unveiled the torus-like morphology of the 
compact x-ray nebula surrounding the pulsar and 
indicated that the center of Vela X lies along the 
extension of the pulsar equator, although bending 
to the southwest. 

The detection of very-high-energy (VHE; 0.5 
to 70 TeV) gamma rays from the Vela X re- 
gion was claimed by HESS (/0) and confirmed 
by CANGAROO (//). The strong VHE source 
HESS J0835-455 (luminosity ~10** erg s! at en- 
ergies above 0.55 TeV) coincides with the region 
of hard x-ray emission seen by the Réntgen sat- 
ellite. The best-fit VHE emission centroid (RA = 
08'35™18, Dec = -45°34'40") is ~0.5° from the 
pulsar position, and the VHE emission has an 
extension of ~5 parsec x 4 parsec. The detection 
of Vela X at TeV energies demonstrated that 
this source emits nonthermal radiation, in agree- 
ment with the hypothesis that it corresponds 
to the pulsar wind nebula (PWN), displaced to 


the south by the unequal pressure of the re- 
verse shock from the SNR (/2). 

The multiwavelength spectrum of the center 
of Vela X can be modeled as synchrotron ra- 
diation from energetic electrons within the co- 
coon (radio and x-rays) and inverse-Compton 
(IC) emission from the scattering (by the same 
electron population) of the cosmic microwave 
background radiation (CMBR), the galactic far- 
infrared radiation (FIR) produced by reradiation 
of dust grains, and the local starlight (/3—/5). 
Alternatively, a hadronic model can be invoked 
for the gamma-ray emission from the Vela X co- 
coon, where the emission is the result of the de- 
cay of neutral pions produced in proton-proton 
collisions (/6). Observations in the high-energy 
(HE) MeV-GeV band are crucial to distinguish 
between leptonic and hadronic models as well as 
to identify specific particle populations and spectra. 

The Vela region was recently observed from 
30 MeV to 50 GeV by the AGILE (/7) and 
Fermi (/8) gamma-ray satellites. The Vela pul- 
sar is the brightest persistent source of the GeV 
sky, and, because of the limited angular resolu- 
tion of the current-generation gamma-ray instru- 
ments, its gamma-ray pulsed emission dominates 
the surrounding region up to a radius of ~5°, 
preventing the effective identification of weaker 
nearby sources. 

The AGILE satellite (19) observed the Vela 
pulsar for ~180 days (within 60° from the center 
of instrument’s field of view) from July 2007 
[54294.5 MJD (modified Julian day)] to Sep- 
tember 2009 (55077.7 MJD). To obtain precise 
radio ephemeris and to model the Vela pulsar 
timing noise for the entire AGILE data span, we 
made use of observations with the Mount Plea- 
sant radio telescope (see supporting online mate- 
rial). The Vela pulsar timing analysis provided a 
total of ~40,000 pulsed counts with energies be- 
tween 30 MeV and 50 GeV; the difference be- 
tween the radio and gamma-ray ephemeris was 
<10'! s. Gamma-ray pulsed counts are concen- 
trated within the phase interval 0.05 to 0.65 (where 
0 is the phase corresponding to the main radio peak; 
see fig. S1). We verified that no pulsed gamma-ray 
emission is detected outside this interval, consistent 
with reports of previous observations by EGRET 
(20, 21), AGILE (17), and Fermi (/8). 

With the aim of performing a sensitive search 
for close faint sources excluding the bright emis- 
sion from the Vela pulsar, we discarded the time 
intervals corresponding to the phase interval 
0.05 to 0.65. The analysis of the resulting off 
pulse images (taking only events corresponding 
to the pulsar phase interval 0.65 to 1.05, for a 
total of ~14,000 events) unveiled few gamma-ray 
sources, none of which coincides with the Vela 
pulsar. A maximum likelihood analysis (79), per- 
formed on the E (energy) > 100 MeV data set 
within a region of 5° around the pulsar position, 
revealed two sources at better than 36 confidence 
(Fig. 1 and fig. $2): AGL J0848-4242 [at galac- 
tic coordinates / = 263.11°, b = 0.65°, 68% 
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confidence error circle (e.c.) radius ~0.25°] and 
AGL J0834-4539 (at / = 263.88°, b =—3.17°, e.c. 
radius ~0.20°). A gamma-ray source coincident 
with the EGRET source 3EG J0841-4356 (22) 
was also detected with lower significance, and 
the Vela Junior (RX J0852.0-4622) SNR (23, 24) 


Fig. 1. (A) Gaussian- 
smoothed AGILE inten; 
sity map (photons cm 
a P with pixel size 
0.25° x 0.25°) at E > 
400 MeV around the Vela 
pulsar, including only off- 
pulse events (ie., dis- 
carding events with 
phase corresponding to 
Vela pulsed emission). 
The neutron star position 
is marked with a black 
cross; green circles are 
the 68% confidence con- 
tours for the position of 
AGL J0848-4242 and 
AGL J0834-4539 (Vela X). 
The AGILE E > 400 MeV 
energy band is well suited 
for gamma-ray imaging 
and provides a good com- 
promise between the 
instrument-effective area 
(~400 cm*; ~100 counts 
from AGL J0834-4539) 
and point-spread function 
(~1°, 68% containment 
radius), both parameters 
decreasing with energy. 
(B) The gamma-ray diffuse 
source AGL J0834-4539. 
AGILE contours (left) are in 
the range 14 x 10“ to 
1.6 x 10“ photons cm 
s? sr, with step 4 x 
10°. HESS contours (right) 
are from (20). 


0.00012 


Fig. 2. Gamma-ray high-energy and 
very-high-energy vF, spectrum of the 
Vela X PWN. HESS data fit an IC 
process (scattering on CMBR) related 
to electron power-law index 2.0 with a 
break at 67 TeV and a total energy 
content of 2.2 x 10*° erg (10). AGILE 
data are compatible with IC emission 
from the additional electron com- 
ponent, well reproducing the observed 
total radio spectrum (Ej = 4 x 10° 
erg), assuming the same field strength 
(~5 wG) as required by the TeV spec- 
tral break. Unlike the TeV IC emission, 
GeV IC scattering is within the Thomson 
imit. Thus, in addition to the CMBR 


component (photon density n,, = 0.25 eV cm™ 
3 
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also possibly contributes to an excess of counts 
in the galactic plane around / ~ 265.6°. 

The brightest gamma-ray source, AGL J0834- 
4539 [~5.9o significance, ~264 counts, photon 
flux Fy = 35 x 10-8 (+ 7 x 10°) photons em s! 
at E> 100 MeV], is located ~0.5° southwest from 
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, photon energy E,, = 10~* eV), also FIR (n,, = 0.3 eV 


cm™, Eph = 10°? eV) and starlight (np, = 1.4 eV cm”, E,, = 1 eV) photon fields can significantly 
contribute to the high-energy IC counterpart of the radio spectrum fitting AGILE data [dot-dashed lines: 
CMBR (a), FIR (b), starlight (c); thick line: total IC spectrum]. 


the Vela pulsar position (outside the 95% source 
position confidence contour) and has a spatial ex- 
tent of ~1.5° x 1°. Its shape is asymmetric and in- 
compatible with the AGILE point-spread function. 
Therefore, possible residual emission from the pul- 
sar (in principle associated to undetected weak 
peaks in the off-pulse interval of the light curve) 
cannot substantially contribute to this diffuse fea- 
ture. No relevant systematic errors on positions, 
fluxes, and spectra (mostly due to uncertainties on 
the galactic gamma-ray diffuse emission model) 
affect AGILE sources detected around the So level 
(see supporting online material). AGL J0834-4539 
is positionally coincident with HESS J0835-455, 
the TeV source that is identified with the Vela X 
nebula, and has a similar brightness profile to it 
(Fig. 1). This implies that AGL J0834-4539 is 
associated with the pulsar’s PWN. 

On the basis of the available count statistics, 
we performed a first estimate of the spectrum by 
sampling the flux in the three energy bands (0.1 
to 0.5 GeV, 0.5 to 1 GeV, and 1 to 3 GeV; Fig. 2) 
where the source is clearly detected. A power- 
law fit yields a photon index a = —1.67 + 0.25. 
The AGILE spectral points are a factor of ~2 
below the previous EGRET upper limits (25) 
and well above the extrapolation of the HESS 
spectral energy distribution vF’, to lower energies. 
The PWN gamma-ray luminosity in the 0.1- to 
10-GeV band, for a distance of ~290 pc (2, 26), is 
44 x 10% erg s', corresponding to ~10 7 Evot 
(where Ejo: is the spin-down luminosity of the 
pulsar). Such a luminosity is slightly higher than 
at VHE energies (9.9 x 10°? erg s“'). 

In the frame of leptonic models, the AGILE 
measurements are not consistent with a simple 
multiwavelength spectral energy distribution in- 
volving a single electron population. The AGILE 
spectral points are one order of magnitude above 
the fluxes expected from the electron population 
simultaneously fitting synchrotron x-ray emis- 
sion (peaking at ~1 keV) and IC TeV emission 
(10, 14). 

Additional electron populations should be 
invoked to explain the observed GeV fluxes. This 
is not surprising in view of the complex mor- 
phology of the PWN seen in radio and x-rays, 
where different sites and features of nonthermal 
emission are present: The anisotropic pulsar wind 
and nonhomogeneous SNR reverse shock pres- 
sure produce different particle populations with- 
in the shocked wind. In particular, assuming the 
same magnetic field (5 wG) reproducing the 
TeV spectral break, the radio synchrotron emit- 
ting electrons observed in the Vela X structure 
(27) may be responsible for the IC bump in the 
GeV band arising from scattering on CMBR 
and galactic and starlight photon fields, as pre- 
dicted by de Jager et al. (13, 15). Indeed, the po- 
sition where AGILE sees the maximum brightness 
(RA = 08°35", Dec = —45°44’ is also roughly 
where the 8.4-GHz radio emission is brightest 
(28). AGILE data are compatible with the IC 
parameters modeled by de Jager et al. (15) 
(electron spectral index 1.78 and maximum 
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energy ~20 GeV), although our measurements 
could suggest a higher contribution from IC 
photon seeds. In particular, assuming a starlight 
energy density of 1.4 eV cm? and a mean tem- 
perature of ~2300 K (29), we obtain a good 
description of the AGILE data (Fig. 2). 

The AGILE measurements would be incom- 
patible with the scenario of nucleonic gamma- 
ray production in the Vela TeV nebula in the 
frame of a single primary electron population. 
These models predict very faint GeV emission 
(<10*° erg s') even when including synchro- 
tron and IC emission from primary and second- 
ary electrons produced by the inelastic nuclear 
scattering (/6). On the other hand, the proposed 
additional electron component scenario described 
above leaves room for uncorrelated GeV-TeV emis- 
sion, although the comprehensive multiwavelength 
two-component leptonic model (providing strong 
IC emission on a relatively dense photon field) 
seems to disfavor dominant nucleonic gamma- 
ray production. In fact, it has been found that the 
thermal particle density at the head of the cocoon, 
where bright VHE gamma-ray emission was found, 
is lower than that required by hadronic models by 
a factor of 6 (/4). 

The radio-emitting region mentioned above 
appears to be larger (~2° 3°) than the AGILE 
nebula, possibly indicating that IC cooling in the 
GeV domain is important. However, the actual 
physical size of the GeV nebula could be larger 
than what we are able to resolve with the avail- 
able photon statistics, because of the strong ga- 
lactic gamma-ray emission affecting MeV-GeV 
energy bands. Instead, the AGILE nebula is sim- 
ilar in shape to the HESS nebula, which may 
suggest that the core of HE and VHE emission 
is produced in the same projected region of Vela 
X, even if different electron populations are in- 
volved. Indeed, different spots of bright radio 
emission (28), possibly associated to electrons 
injected at different stages of pulsar evolution, 
are embedded within the poorly resolved HE 
and VHE emission regions. 

High-energy PWN emissions are thought 
to be a common phenomenon associated with 
young and energetic pulsars (30) because the 
IC emission of these PWNe arises mostly from 
scattering on CMBR and starlight fields, with 
no special environmental requirements. On the 
other hand, PWN emissions are expected to be 
much weaker than pulsed emission from the 
associated neutron star, especially in the GeV 
domain where most of the pulsar’s spin-down 
energy is funneled. Indeed, despite a PWN 
gamma ray yield of Ln = 10°* Ey, to be 
compared with the typical gamma-ray pulsed 
luminosity of LP" = 10 to 0.1 x Eyot, Our 
AGILE observation shows that 10,000-year- 
old PWNe can match the sensitivities of cur- 
rent GeV instruments. 

Because the gamma-ray luminosity of the 
PWN is only a small fraction of the beamed 
emission from the neutron star, the PWN com- 
ponent is difficult to identify in weaker gamma- 


ray pulsars, although it could account for a 
substantial part of the observed off-pulse flux. 
However, if the beamed emission does not in- 
tersect the line of sight to the observer, the PWN 
component, unhindered by the stronger pulsed 
emission, could be detectable. Energetic pul- 
sars (¢.g., Exot ® 10°7 erg s')can power PWNe 
with gamma-ray luminosities matching the flux 
(~10 * to 10-7 photons cms !; E> 100 MeV) 
of a class of unidentified EGRET sources (22), 
as well as a subset of those detected by AGILE 
and Fermi (3/, 32), when placed within few kilo- 
parsecs. The roughly isotropic emission from such 
undisturbed PWNe would not yield pulsations, 
and, as a class, they could contribute to the pop- 
ulation of galactic unidentified sources still await- 
ing multiwavelength association (/3, 33). 
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Visualizing Critical Correlations 
Near the Metal-Insulator Transition 


in Ga,.,Mn,As 


Anthony Richardella,”** Pedram Roushan,’* Shawn Mack, Brian Zhou,” David A. Huse,* 


David D. Awschalom,? Ali Yazdani?+ 


Electronic states in disordered conductors on the verge of localization are predicted to exhibit 
critical spatial characteristics indicative of the proximity to a metal-insulator phase transition. 
We used scanning tunneling microscopy to visualize electronic states in Ga,.,Mn,As samples close 
to this transition. Our measurements show that doping-induced disorder produces strong spatial 
variations in the local tunneling conductance across a wide range of energies. Near the Fermi 
energy, where spectroscopic signatures of electron-electron interaction are the most prominent, the 
electronic states exhibit a diverging spatial correlation length. Power-law decay of the spatial 
correlations is accompanied by log-normal distributions of the local density of states and 


multifractal spatial characteristics. 


ince Anderson first proposed 50 years ago 
that disorder could localize electrons in 
solids (/), studies of the transition be- 
tween extended and localized quantum states 
have been at the forefront of physics (2). Real- 


izations of Anderson localization occur in a 
wide range of physical systems from seismic 
waves to ultracold atomic gases, in which local- 
ization has recently been achieved with random 
optical lattices (3). In electronic systems, the 
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signatures of localization have long been exam- 
ined through electrical transport measurements 
(4, 5), and more recently by local scanning probe 
techniques that have imaged localized electronic 
states (6, 7). For noninteracting systems, the elec- 
tronic states at the mobility edge are predicted to 
have a diverging localization length with scale- 
independent power-law characteristics, which are 
described as being multifractal (8). Given the 
poorly understood nature of the metal-insulator 
transition in the presence of disorder and electron- 
electron interactions, direct imaging of electronic 
states can provide insights into the interplay be- 
tween localization and interactions. 

We report on scanning tunneling microscopy 
(STM) and spectroscopy studies of electronic 
states in the dilute magnetic semiconductor 
Ga,..Mn,As, over a range of Mn concentrations 
near the metal-insulator transition (x = 1.5 to 5%). 
Over the past decade, Ga,..Mn,As has emerged 
as a promising material for spintronic applications 
with a high ferromagnetic transition temperature 
(9, 10). Mn atoms substituted at Ga sites act both 
as acceptors that drive the metal-insulator transi- 
tion and as localized spins that align at low tem- 
peratures to give rise to magnetism. The nature of 
the electronic states underlying magnetism in these 
heavily doped semiconductors is still debated. It 
is often assumed that the carriers that mediate 
magnetism in Ga;_.,.Mn,As are Bloch states asso- 
ciated with either the valence bands or extended 
states originating from an impurity band (//—/3); 
however, the validity of these assumptions has 
been questioned (/4, /5). Moreover, many recent 
low-temperature transport studies show evidence 
of electron-electron interaction and weak localiza- 
tion of carriers even for samples with high doping 
levels (16-19). We used atomic-scale imaging 
and high-resolution spectroscopy with the STM 
to visualize electronic states in Ga,_.Mn,As and 
to examine the spatial structure of electron-electron 
correlations in this system. Our results indicate that 
spatial heterogeneity and electronic correlations 
must be considered in understanding the mechanism 
of magnetism in highly doped semiconductors. 

Figure 1 shows STM topographs of cleaved 
Ga,.Mn,As samples (2000 A thick) grown by 
molecular beam epitaxy on a p-type Be-doped 
GaAs buffer layer (20, 2/). Before measure- 
ments at a temperature of 4.2 K, the degen- 
erately doped substrates are cleaved in situ to 
expose a (110) or equivalent surface of the het- 
erostructure in cross section (Fig. 1A, inset). The 
topographs show in-gap states, dominated by in- 
dividual Mn acceptor wave functions, although 
other defects such as As antisites are observed 
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as well. Using previous STM studies of samples 
with more dilute Mn concentrations (22, 23) and 
the results of tight-binding model calculations 
(21, 24, 25), we can identify the topographic 
signatures of individual Mn acceptors in layers 
from the surface to the third subsurface layer 
(Fig. 1B). The size of an individual Mn acceptor 
state wave function is about 20 A, due to its 
deep binding energy, which results in a metal- 
insulator transition at a relatively high level of 
doping (between | and 2%) in Ga,..Mn,As. By 
increasing the Mn concentration from weakly in- 
sulating samples with variable-range hopping re- 
sistivity at 1.5% (critical temperature 7; = 30 K) 
(79, 21) to relatively conducting samples at 5% 
(Tc = 86 K, annealed), we find that higher con- 
centrations of dopants appear in STM topographs 
on top of the atomically ordered GaAs lattice (Fig. 
1C). All characteristic lengths, such as dopant sep- 
aration or mean free path (~10 A), are much shorter 
for Ga;_.,.Mn,As compared with other semiconduc- 
tors doped with shallow dopants (/5). 
Spectroscopic mapping with the STM can 
be used to show that Mn acceptors and other 
defects give rise to atomic-scale fluctuations in 
the local electronic density of states (LDOS) over 
a wide range of energies. Figure 2A shows tun- 
neling spectra of states from within the valence 
band (with the voltage V < 0) to the conduction 
band edge (V > 1.5), measured along a line per- 
pendicular to the buffer layer-film interface. By 
contrasting the spatial dependence of electronic 
states in the buffer layer (with 2 x 10'* per em? 
Be acceptors) to those of Ga;.,.Mn,As (with x = 
0.015) in Fig. 2A, we find the Mn-doped region 


Fig. 1. STM topography of 
the in-gap states of GaMnAs. 
(A) STM topograph (+1.5 V, 
20 pA) of GaosgsMNnoo1sAs 
over a 1000 A by 500 A area. 
The inset shows a topograph 
(+1.8 V, 20 pA) of the het- 
erostructure junction between 
the Mn- and Be-doped layers 
of GaAs. The size of this area 
is 80 A by 125 A, (B) A topo- 
graph (+1.5 V, 30 pA) over 
a smaller area of size 150 A 
by 150 A of Gap.sasMnooisAs. 
Several substitutional Mn’s in 
various layers are identified 
in the lower part of the panel 
and marked by the layer in 
which they appear, with the 
surface labeled as zero. An As 
antisite is also shown. (C) STM 
topograph (+1.5 V, 20 pA) of 
the Gao95MnoosAs sample 
after annealing for 6 hours 
at 200°C. The size of the area 
is 150 A by 195 A. (B) and 
(©) have the same scale. 


to have strong spatial variations in the electronic 
states at the valence and conduction band edges 
and a broad distribution of states within the GaAs 
band gap. Increasing the Mn concentration gives 
rise to a larger number of in-gap states (compare 
Fig. 2, B and C). These features of the local elec- 
tronic structure of Ga,.,.Mn,As are difficult to 
reconcile with a weakly disordered valence or 
impurity band picture and show the importance 
of compensation and disorder in this compound. 
The Fermi energy Zp lies within the range of 
electronic states that are spatially inhomogeneous. 

In addition to strong spatial variations, elec- 
tronic states of Ga,.,.Mn,As are influenced by 
electron-electron interactions (Fig. 2D). STM 
spectra, spatially averaged across large areas 
for several samples with increasing doping lev- 
els, illustrate a strong suppression of the tunnel- 
ing density of states near E. The evolution from 
weakly insulating (1.5%) to relatively conduct- 
ing samples (5%) is well correlated with the in- 
crease in the density of states at the Fermi level, 
yet a suppression centered at Ep is observed at 
all doping levels. This feature is indicative of 
an Altshuler-Aronov correlation gap that is ex- 
pected to occur in the tunneling density of states 
of a disordered material on the metallic side of 
the phase transition (26), appearing as a square- 
root singularity in the conductance near Ey (Fig. 
2D). Previous spectroscopic measurements of 
Ga,_,Mn,As with macroscopic tunneling junctions 
have also reported similar correlation gaps (/6). 

To determine whether there are any specific 
length scales associated with the spatial varia- 
tion of the LDOS in Ga;..Mn,As, we examine 
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energy-resolved STM conductance maps. In 
Fig. 3, we show examples of such maps at dif- 
ferent energies relative to Ey for the 1.5% doped 
sample. These maps show that, in addition to 
modulations on the length scales of individual 
acceptors, there are spatial structures in the LDOS 
with longer length scales. To characterize these 
variations, for each conductance map, we com- 
pute the angle-averaged autocorrelation function 
between two points separated by r, C(E,r) = 


A 1.5% Mn/ Be-doped GaAs 
0 pSB WEE sops 


E 


~100 0 100 «200 «©—-300 
Energy (mV) 


Fig. 2. Local di/dV spectroscopy for various dop- 
ings. (A) The differential conductance (di/dV) (AV = 
10 mV) across a line normal to the growth surface 
of length 1000 A. The first 200 A is the Be-doped 
GaAs buffer layer, and 800 A of 1.5% Mn-doped 
GaAs follows. The junction between the two is 
marked by a dashed line. (B and C) The di/dV 
spectra (AV = 5 mV) for energies close to the 
Fermi level, across a line of length 450 A over the 
1.5% sample (B) and the 5% sample (C). Top of 
the valence band and the in-gap states are shown. 
(D) The spatially averaged differential conductance 
for several samples. The inset shows the same data 
as the main panel, with the square root of the 
voltage on the horizontal axis. 
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1/(2n) | do) Pr [g(Exr) — go(E)] * [g(Ex' + 1) — 
go(E)], in which g(£Z,r) is the local value of the 
differential tunneling conductance that is propor- 
tional to the LDOS, go(£) is the average value of 
the conductance at each energy £, and 0 is the 
angle characterizing the direction of the separation 
vector r. Displaying C(Z,r) in Fig. 4A, we find a 
marked increase of the long-distance correlations 
near Ey. At this energy, the correlations remain 
measurable to length scales well beyond that of 


A -100 mV 


B -50 mV 
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single Mn acceptor states, which dominate the 
behavior on short length scales at all energies. 
The increased correlation length can also be seen 
directly in the size of the patches of high and low 
conductance (Fig. 3C). We have observed the en- 
hanced spatial correlations near Er for all doping 
levels examined in this study (up to 5%, Fig. 4B); 
however, this effect is most pronounced for the 
least doped samples (1.5%) closest to the metal- 
insulator transition. Control experiments on Zn- 


Fig. 3. Spectroscopic mapping in Gao 9gsMno.o15As. The differential conductance (di/dV) measurements 
over an area of 500 A by 500 A show the spatial variations in the LDOS for the states in the valence 
band as well as states deep inside the semiconductor gap: (A) —100 mV, (B) —50 mV, (C) 0 mV, (D) +50 mV, 
(E) +100 mV, and (F) +150 mV. 


Fig. 4. Correlation length B 
for Mn dopings close to 
the metal-insulator tran- 
sition. The autocorrelation 
was calculated from LDOS 
maps and is presented on 
a logarithmic scale for (A) 
GaogssMNooisAs and (B) 
as-grown Gap 95MnoosAs. 
The dashed line in (A) 
is ~ (E — E,)"* and is a 
guide to the eye. (C) The 
autocorrelation for the 
dildV map at the Fermi 
level of Gag.9gs/MNno.o15As, 
as well as one valence 
band (-50 mV) and one 
in-gap energy (+50 mV), 
are plotted. The inset 
shows the autocorrelation 
for the same energies on 
a semi-logarithmic scale. 
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or Be-doped GaAs samples show no evidence of 
any special length scale or of a sharp peak near 
the Ep in the autocorrelation function. 
Continuous phase transitions, such as the 
metal-insulator transition, are typically char- 
acterized by a correlation length, which describes 
the exponential decay of spatial fluctuations when 
a system is tuned near the phase transition. At 
the critical point, this correlation length diverges 
and spatial fluctuations and other physical prop- 
erties display power-law spatial characteristics. 
In the noninteracting limit, the transition be- 
tween a metal and an insulator occurs by tuning 
the chemical potential relative to the mobility 
edge. Mapping the spatial structure of the elec- 
tronic states as a function of energy can be used 
to determine the correlation length and to probe 
the critical properties for such a transition be- 
tween extended and localized states (4, 5, 8). In 
our experiments, the distance dependence of 
the energy-resolved autocorrelation function 
C(E,r) for the 1.5% sample (Fig. 4C) appears to 
follow a power-law at E,, while at nearby en- 
ergies it falls off exponentially (see inset). These 
observations, together with the apparent diver- 
gence of the correlation at a specific energy, are 
indeed signatures of the critical phenomena asso- 
ciated with a metal-insulator transition. However, 
our observation that the longest-ranged correla- 
tions are centered at Ep, as opposed to some other 
energy, which could be identified as a mobility 
edge, signifies the importance of electron-electron 
interactions in the observed correlations. 

Given the importance of electron-electron in- 
teractions, the conductance maps are perhaps 
more precisely identified as probing the spatial 
nature of quasiparticle excitations of a many-body 
system rather than simply imaging single-electron 
states in the noninteracting limit. Currently there 
are no theoretical models of the real-space struc- 
ture of these excitations near the metal-insulator 
transition in a strongly interacting and disor- 
dered system, although there is continued effort 
to understand the nature of such transitions in 
the presence of interactions (5, 27). Neverthe- 
less, we suspect that the correlation length asso- 
ciated with these excitations will become shorter 
due to multiparticle processes and inelastic ef- 
fects at energies away from £. Our experimental 
results for the least conducting sample (1.5%) 
indicate that the correlation length € is indeed 
suppressed away from Ey, roughly following 
(E — Ex) | (dashed line in Fig. 4A). At Ep, for 
this sample, these correlations decay in space 
following a power-law r ", with n = 1.2 + 0.3. 

Despite the importance of strong interactions, 
many of the predictions for the noninteracting 
limit still appear to apply. Weakly disordered 
extended states are expected to show Gaussian 
distributions of the LDOS, indicating that these 
states have a finite probability to be present over 
the entire system. In contrast, near the metal- 
insulator transition wide distributions are ex- 
pected, especially in local quantities such as the 
LDOS, which begin to cross over from Gaussian 


to log-normal distributions even in the limit of 
weak localization (28, 29). Spectroscopic maps 
of the density of states at Ey for three different 
dopings (Fig. 5, A to C) show different degrees 
of spatial variations; however, their histograms 
(Fig. 5D) are similar in being skewed log-normal 
distributions where the mean is not representa- 
tive of the distribution due to rare large values. 
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Decreasing the doping skews the distribution fur- 
ther in a systematic fashion away from Gaussian 
and toward a log-normal distribution. For compar- 
ison, a histogram of the LDOS for states deep in 
the valence band for the least doped sample (gray 
circles in Fig. SD) shows a Gaussian distribution. 

Based on the predictions for the noninteract- 
ing limit, we expect critical states to have a spa- 


1.5% Mn 


= 


15 2 


LDOS/<LDOS> 


Fig. 5. The spatial variations of the LDOS at the Fermi level, with their histogram and multifractal 
spectrum. The LDOS mapping of a 700 A by 700 A area of (A) Gap 9g5MNo.015As, (B) Gag.97Mnoo3As, and 
(© Gao.95MnoosAs. (D) The normalized histogram of the maps presented in (A) to (C). The local values of 
the di/dV are normalized by the average value of each map. The inset shows the multifractal spectrum, 
fla), near the value oo where the maximum value occurs. For comparison, the results of a similar analysis 
over a LDOS map at -100 mV (valence band states) for the 1.5% doped sample are also shown. 
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tial structure that is multifractal in nature. This 
property is directly related to the scale-invariant 
nature of critical wave functions and has been 
examined in great detail by numerical simula- 
tions of the single-particle quantum states near 
an Anderson transition (8). Multifractal patterns, 
which are ubiquitous in nature, are usually de- 
scribed by analysis of their self-similarity at dif- 
ferent length scales through their singularity 
spectrum f(a). Physically, f(a) describes all the 
fractal dimensions embedded in a spatial pattern, 
such as those associated with a quantum wave 
function and its probability distribution. It is cal- 
culated by splitting the probability distribution 
into sets of locations {7;} that share a common 
exponent a, where the distribution scales locally 
with distance as Mode ~ LL“, and measuring 
the fractal dimension of each set (8, 2/). A variety 
of techniques have been developed to compute 
f(a), which has been used to distinguish between 
various models of the Anderson transition (2/, 30). 
Application of such an analysis to our conductance 
maps (Fig. 5D, inset) shows an_f() spectrum that is 
peaked at a value away from 2, which is indica- 
tive of anomalous scaling in a two-dimensional 
map. The f(a) spectrum also shows a systematic 
shift with decreasing doping, indicating a trend 
from weak toward strong multifractality with de- 
creasing doping. In contrast, these signatures of 
multifractal behavior are absent for states deep in 
the valence band (gray curve) that, despite the 


strong disorder, show scaling consistent with those 
expected for extended states. 

Our findings suggest that proximity to the 
metal-insulator transition and electronic correla- 
tions may play a more important role in the un- 
derlying mechanism of magnetism of Ga,.,.Mn,As 
than previously anticipated. Beyond its applica- 
tion to understand the nature of states Ga;_..Mn,As, 
our experimental approach provides a direct 
method to examine critical correlations for other 
material systems near a quantum phase transition. 
In principle, experiments at the lowest temperatures 
for samples closest to the metal-insulator transition 
should provide accurate measurements of power- 
law characteristics that can be directly compared to 
theoretically predicted critical exponents. 
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A Coherent Beam Splitter for 
Electronic Spin States 


J. R. Petta,?* H. Lu,? A. C. Gossard? 


Rapid coherent control of electron spin states is required for implementation of a spin-based 
quantum processor. We demonstrated coherent control of electronic spin states in a double quantum 
dot by sweeping an initially prepared spin-singlet state through a singlet-triplet anticrossing in the 
energy-level spectrum. The anticrossing serves as a beam splitter for the incoming spin-singlet state. 
When performed within the spin-dephasing time, consecutive crossings through the beam splitter 
result in coherent quantum oscillations between the singlet state and a triplet state. The 
all-electrical method for quantum control relies on electron—nuclear spin coupling and drives single- 


electron spin rotations on nanosecond time scales. 


nergy-level crossings, in which two quan- 
B= states cross in energy as a function of 

an external parameter, are ubiquitous in 
quantum mechanics (/). Coupling of the quantum 
states provided by tunnel coupling with strength 
A, for example, leads to hybridization of the states 
and results in an anticrossing with a minimum 
energy splitting 2A (2, 3). Passing a quantum state 
through an anticrossing in the level diagram will 
result in a sweep-rate-dependent nonadiabatic 
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transition probability P.z, commonly known as 
the Landau-Zener probability (4). The theory of 
Landau-Zener transitions can be applied to a 
diverse set of problems, ranging from electronic 
transitions in molecular collisions to chemical 
reactions to neutrino conversion in the sun (5). We 
apply Landau-Zener transition physics to coher- 
ently control electronic spin states in a semi- 
conductor double quantum dot (DQD). 
Semiconductor quantum dots have emerged as 
promising platforms for quantum control of 
charge and spin degrees of freedom (6). Consid- 
ering future applications of electron spin qubits in 
quantum information processing, the required 
elementary building blocks are the exchange gate, 
which couples two spins, and single-spin rotations 


(7). Extremely fast 200-ps exchange gates have 
been demonstrated (6, 8). However, coupling to 
the small magnetic moment of the electron (as 
required for single-spin rotations) is much more 
difficult, leading to relatively long, ~100-ns gate- 
operation times in GaAs quantum dots (9). In 
addition, the ac magnetic fields required for single- 
spin electron spin resonance (ESR) are difficult to 
localize on a single quantum dot (~40 nm), hinder- 
ing extension of the method to a large number of 
quantum dots operating in close proximity. Sev- 
eral groups have demonstrated fast optical control 
of single spins, but these methods are also difficult 
to apply locally (70, //). In principle, local rota- 
tions can be achieved with the use of electrically 
driven spin resonance, which requires spin-orbit 
coupling and an ac electric field, but the Rabi 
frequencies obtained in GaAs quantum dots are 
approximately a factor of 2 slower than those ob- 
tained using conventional ESR (/2, 73). We dem- 
onstrate an all-electrical method for driving local 
single-spin rotations on nanosecond time scales. 
Our method for coherent quantum control of 
electron spins is based on two consecutive sweeps 
through a singlet-triplet anticrossing in a DQD 
energy-level diagram. Coherent oscillations be- 
tween the singlet and m, = +1 triplet state, T., 
occur on a nanosecond time scale and are made 
possible by the hyperfine interaction between the 
trapped electron spins and the nuclear-spin bath 
(14-16). The oscillations are controlled by tuning 
the external magnetic field Be and the voltage 
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pulse profile that sweeps the quantum dot system 
through the anticrossing in the energy-level 
diagram. Similar sweeps through energy-level 
anticrossings in superconducting qubits have been 
used to study Landau-Zener interference (/7—2/). 
In addition, deeply bound molecular states have 
been generated by transferring weakly bound 
Feshbach molecules through a series of anticross- 
ings in a molecular energy manifold (22). 

In our device (Fig. 1A), depletion gates are 
arranged in a triple quantum dot geometry (23). A 
DQD is formed using the middle and right dots of 
the device. Gate voltages Vi, and Vp are used to 
tune the device to the (1,1)-(2,0) charge transition, 
where NV, and Np indicate the number of electrons 
in the left and right dots, respectively. High- 
sensitivity charge sensing is achieved by depleting 
gates Q; and Q, to form a quantum point contact 
(QPC) charge sensor with conductance gq (8). 
Energy-level anticrossings (Fig. 1B) in the DQD 
can be used for quantum control in a manner that 


is directly analogous to an optical beam splitter 
(18-20). 
The detuning, ¢, of the DQD (Fig. 2A) is 


adjusted using V, and Vg (24). For positive de- 
tuning, the ground state is the spin-singlet (2,0)S. 
By decreasing the detuning, a single electron can 
be transferred from the left dot to the right dot, 
forming a (1,1) charge state. Here the possible spin 
state configurations are the spin singlet, S, and the 
spin triplets To, T_, and T, with mg = 0, —1, and 
+1 respectively. (2,0)S and S hybridize near e = 0 
due to the interdot tunnel coupling 7,. The T, and 
T_ states are separated from the Tp state by the 
Zeeman energy, Ez = gitp(Br + By), where [Lp is 
the Bohr magneton, and By is the Overhauser 
field (BY ~2 mT in the absence of nuclear 
polarization; rms, root mean square) (/5). 
Throughout this work, we take |g] = 0.44, based 
on previous experiments (8, 25). We focus on the 
boxed region in Fig. 2A, where hyperfine 
interactions mix the S and T,, states, resulting in 


i Oe it 


Q 


2 um 


Fig. 1. (A) Scanning electron microscope 
image of a device similar to the one used in 
this experiment. Voltages on gates L and R tune 
the occupation of the DQD, whereas gates Q, 
and Q2 form a QPC with conductance gg for 
single charge sensing. The arrow indicates the 


an anticrossing in the energy-level diagram. 
Under appropriate experimental conditions, we 
show that this anticrossing functions as a beam 
splitter for incoming quantum states (18-20). 
We first measure the quantum state transition 
dynamics at the S-T.. avoided crossing to verify 
the mechanism of Landau-Zener tunneling. The 
analytical expression for the nonadiabatic transi- 


2nd? 
tion probability is Plz =e ww (4). Here, fi is 


Planck’s constant divided by 27, and v is the 
energy-level velocity, defined as v = |d(E\ — Ey)/dt, 
where £; and £> are the energies of the states 
involved in the anticrossing. We determine A by 
measuring P;z as a function of the sweep rate 
through the S-T.. anticrossing. A (2,0)S state is 
first prepared at positive detuning, then a rapid 
gate-voltage pulse (~1.1 ns, nonadiabatic with 
respect to the S-T, mixing rate) shifts the system 
to negative detuning €s, which preserves the spin 
singlet, S. The detuning is then increased during a 
ramp time 7g, sweeping the system back through 
the S-T.. avoided crossing. A QPC charge sensor 
determines the final singlet-state probability Ps 
via spin-to-charge conversion (6). 

Pg is plotted in Fig. 2B as a function of Tp. 
For long ramp times, the initial state should follow 
the adiabatic branch during the return sweep 
through the S-T.. anticrossing, resulting in a final 
state T,, as illustrated in the inset of Fig. 2B. We 
measure Ps ~ 0.3 at long Tp, because of the 
limited measurement contrast set by the spin 
relaxation time. At short times, Ps decays expo- 
nentially, as expected from the Landau-Zener 
model, with a characteristic time scale of ~180 ns. 
Given the detuning pulse amplitude (1.7 mV) 
and the conversion between gate voltage and 
energy [|d(Es — Ey )/de| ~ 3.9 peV/mV], we 
extract a best fit A = 60 neV (24). In comparison, 
time-resolved measurements of the S-T.. spin- 
dephasing time yield 7,* = 10 ns, corresponding 
to an energy scale of 66 neV, which is in good 
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current path for the charge sensor. (B) Energy-level anticrossings can be used to “split” an incoming 
quantum state, in direct analogy with an optical beam splitter. The nonadiabatic transition probability 
Piz depends on the level velocity v and the energy splitting at the anticrossing (2A). 


agreement with the value of A obtained above 
(8). In superconducting flux qubits, this tunnel 
splitting is set by tunnel junction parameters, 
whereas in the S-T.. qubit, A is set by fluctuating 
transverse hyperfine fields (/5, 18). 

Quantum control of the S and T,. states is 
achieved by consecutively passing through the 
S-T, avoided crossing in the coherent limit, where 
the consecutive crossings take place within the 
spin-dephasing time (/8—2/). The opposite limit, 
where Tp >> 7>*, has been shown to lead to 
dynamic nuclear polarization (26). Our pulse 
sequence for quantum control is illustrated in 
Fig. 3A and is analogous in operation to an optical 
interferometer (Fig. 3C, inset). An initially 
prepared spin-singlet state is swept through the 
S-T, avoided crossing. During this detuning 
sweep, the S-T, avoided crossing “splits” the 
incoming singlet state into a superposition of states 
S and T,, with amplitudes As and 4y,, analogous 
to an optical beam splitter. In correspondence with 
the Landau-Zener equation, |ds/’ = Prz. Spin 
angular momentum is conserved during this 
process by coupling to the nuclear-spin bath via 
the hyperfine interaction, resulting in a small 
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Fig. 2. (A) DQD energy-level diagram near the 
(1,1)-(2,0) charge transition. Hyperfine fields result 
in an anticrossing between the S and T,, states 
(dashed box), which serves as a beam splitter for 
quantum control. (B) The Landau-Zener transition 
probability (P,z) is measured by preparing (2,0)S at 
positive detuning and then converting it to S via a 
rapid, ~1.1-ns gate-voltage—detuning pulse from ep 
to gg (here, pis the starting value of detuning). The 
detuning is then increased at a constant rate from es 
to €p during a time interval Tz, and a QPC measures 
Ps, The data are fit to an exponential decay (solid 
line), as expected from the Landau-Zener transition 
formula, resulting in a best fit coupling strength A = 
60 neV. 
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amount of nuclear polarization (/6, 26). Detuning 
is then maintained at a value eg for the nominal 
pulse length ts, which results in a phase accumu- 
lation 6 = }J{£s[e(2)] — Br, [e(¢)]}at (here, ris 
time) that is equivalent to changing the path 
length of one leg of an optical interferometer. A 
second detuning sweep takes the system back 
through the S-T.. anticrossing, resulting in 
quantum interference of the two paths. The 
singlet-state return probability Ps is measured 
using the QPC charge sensor. 

The consecutive sweeps through the S-T, 
anticrossing and the intermediate phase accumu- 
lation can be treated as unitary operations 
(Fig. 3B) that act on the initially prepared spin- 
singlet state (4, 27, 28). For the ideal case of 
Pyz = 1/2, the S-T, anticrossing functions as a 


Accumulate 


A Beam Split 
T, 


Q 


ok&---- 


Is> 


Is> 


Fig. 3. (A) (Left to right) An initially prepared (2,0)S state is swept through the 
S-T, anticrossing, resulting in a superposition of states S and T.,, with amplitudes 
As and Ar,, analogous to an optical beam splitter. The energy difference between 
these two states results in relative phase accumulation », which can be 
controlled by tuning Bg and the gate-voltage pulse profile. A return sweep 


50:50 beam splitter resulting in the unitary 
operator U; = + (6x — 6z), which is equivalent 
to a Hadamard gate (here, ox and oz are the Pauli 
matrices). Phase accumulation (») during the 
detuning pulse results in a oz rotation, U; = 
exp @ 072), whereas the return sweep back 
through the S-T.. anticrossing in the limit Piz = 
1/2 results in a third unitary operation U3; = 
(ox — oz). Functional forms for the unitary 
operators under general driving conditions are 
given in the supporting online material (24). 

The measured Pg shows clear Stiickelberg 
oscillations between S and T.. as a function of ts 
and €, (4, 5). At negative detunings, far from the 
avoided crossing, the oscillation period is set by 
Es — Ey, = Ez. For By = 100 mT, the Zeeman 
energy corresponds to a period of 1.6 ns, assuming 


Interfere 
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\g| = 0.44, in good agreement with the ~1.5-ns 
period observed in the data for eg =—1.7 mV. The 
curvature of the interference pattern is partially 
due to the voltage pulse profile, which is smoothed 
to maintain some degree of adiabaticity during the 
sweep through the S-T.. anticrossing. In these data 
(Fig. 3C), the first bright interference fringe 
corresponds to the condition where the detuning 
pulse exactly reaches the S-T.. anticrossing. The 
second bright interference fringe corresponds to a 
configuration in which U> gives a 27 pulse about 
the z axis of the Bloch sphere. 

Singlet-state probability as a function of pulse 
length P,(ts) is plotted in Fig. 3D for two different 
values of detuning. The oscillation visibility 
ranges from 15 to 30% for these data and is a 
function of detuning, as the spin relaxation time 


B-= 100 mT 


is) 


n 


through the S-T, anticrossing results in quantum interference, and the final 
state is determined with spin-to-charge conversion. (B) Bloch sphere 


representation of the unitary rotations for specific sweep conditions resulting 
in Piz = 2 and = nx. (©) Ps displays coherent oscillations as a function of 
separation detuning (es) and pulse length (t.), due to Landau-Zener 
interference. (Inset) The experiment is equivalent to an optical interferometer, 


A 


Fig. 4. (A) The accumulated phase @ is controlled by tuning B, for a 
fixed set of voltage pulse parameters. A reduction in B; shifts the position 
of the S-T,, anticrossing to more negative values of ¢ and reduces Es-E;,. 
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where a change in path length of one of the interferometer arms results in 
interference fringes as observed by a detector (Det.). (D) Singlet-state 
probability as a function of pulse length Pc(ts), extracted from the data in (C) 
for two different values of es. 
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(B to D) Measured Landau-Zener interference patterns for B, = 90, 70, 
and 50 mT, respectively. (Insets) Calculated interference patterns (see 
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and P;,z are detuning-dependent (6). Higher- 
visibility oscillations are obtained when the level 
velocity v is small at the S-T.. anticrossing (Fig. 
3D, insets). Maximum visibility would be obtained 
for Piz = 1/2 (the limit of a perfect 50:50 beam 
splitter). To achieve this, detuning ramp times on 
the order of 160 ns >> T>* are required, which is 
no longer in the coherent limit. These data suggest 
that active pulse shaping with subnanosecond res- 
olution could be used to increase the fidelity of the 
gate operations by lowering the level velocity only 
in the vicinity of the S-T.. anticrossing. 

We confirm that the interference fringes are 
caused by consecutive sweeps through the S-T, 
beam splitter by varying Bz. Landau-Zener inter- 
ference patterns are plotted in Fig. 4, B to D, for 
By =90, 70, and 50 mT, respectively. A reduction 
in field results in two major differences: (i) The 
first oscillation shifts to more negative €s, and (ii) 
the oscillation frequency decreases. Both observa- 
tions are consistent with the level diagram shown 
in Fig. 4A. 

To quantitatively model the data, we calculate 
the probability to return to the spin-singlet state Ps 
by considering the action of the unitary operations 
(Fig. 3B) on the initially prepared spin-singlet 
state. Neglecting relaxation and dephasing, we 
find Ps = 1-2Pz(1—Prz)[1+ cos(o—2s)], 
where Og is related to the Stoke’s phase (/9, 24). 
We calculate o by combining our knowledge of 
the voltage pulse profile with the measured 
E(e)— Ex,(e), as determined by energy-level spec- 
troscopy (24). The visibility of the calculated os- 
cillations (Fig. 4, B to D, insets) is 15% and is set 
by Piz = 0.96, as determined for these sweep con- 
ditions using the data in Fig. 2B. Overall, the ob- 


served and calculated Landau-Zener interference 
patterns are in very good agreement. The decay of 
the oscillations as a function of ts is most likely 
due to fluctuations in the Overhauser field (8). 
Whereas commonly used single-spin rotation 
mechanisms rely on gigahertz frequency mag- 
netic fields, the coherent rotations between S and 
T. demonstrated here occur on a nanosecond 
time scale set by the Zeeman energy and are 
solely driven with local gate-voltage pulses. As a 
result, it will be feasible to scale this quantum 
control method to a large number of spin qubits 
operating in close proximity. In addition, it is 
possible that the spin-flip mechanism employed 
here, which relies on coupling to the nuclear-spin 
bath, could be harnessed under the appropriate 
conditions to create a nuclear-spin memory (29). 


References and Notes 
1. F. Hund, Z. Phys. A 40, 742 (1927). 
. J. von Neumann, E. P. Wigner, Phys. Z. 30, 467 (1929). 
. R. Cohen-Tannoudji, B. Diu, F. Laloé, in Quantum 
Mechanics, vol. 1 (Wiley, New York, 1977), chap. 4. 
4. S. N. Shevchenko, S. Ashhab, F. Nori, preprint 
available at http://arxiv.org/abs/0911.1917 (2009). 
5. Y. Nakamura, Nonadiabatic Transition (World Scientific, 
London, 2001). 
6. R. Hanson, L. P. Kouwenhoven, J. R. Petta, $. Tarucha, 
L. Vandersypen, Rev. Mod. Phys. 79, 1217 (2007). 
7. D. Loss, D. P. DiVincenzo, Phys. Rev. A 57, 120 (1998). 
8. J. R. Petta et al., Science 309, 2180 (2005); published online 
1 September 2005 (10.1126/science.1116955). 
9. F. H. L. Koppens et al., Nature 442, 766 (2006). 
10. J. Berezovsky, M. H. Mikkelsen, N. G. Stoltz, L. A. Coldren, 
D. D. Awschalom, Science 320, 349 (2008). 
11. D. Press, T. D. Ladd, B. Y. Zhang, Y. Yamamoto, Nature 
456, 218 (2008). 
12. K. C. Nowack, F. H. L. Koppens, Yu. V. Nazarov, L. M. K. 
Vandersypen, Science 318, 1430 (2007); published 
online 1 November 2007 (10.1126/science.1148092). 


2. 
3 


13. M. Pioro-Ladriére et al., Nat. Phys. 4, 776 (2008). 

14. W. A. Coish, D. Loss, Phys. Rev. B 72, 125337 (2005). 

15. J. M. Taylor et al., Phys. Rev. B 76, 035315 (2007). 

16. H. Ribeiro, G. Burkard, Phys. Rev. Lett. 102, 216802 (2009). 

17. A. \zmalkov et al., Europhys. Lett. 65, 844 (2004). 

18. W. D. Oliver et al., Science 310, 1653 (2005); 
published online 10 November 2005 (10.1126/ 
science.1119678). 

19. M. Sillanpaa, T. Lehtinen, A. Paila, Y. Makhlin, 

P. Hakonen, Phys. Rev. Lett. 96, 187002 (2006). 

20. D. M. Berns et al., Nature 455, 51 (2008). 

21. A. Izmalkov et al., Phys. Rev. Lett. 101, 017003 (2008). 

22. F. Lang et al., Nat. Phys. 4, 223 (2008). 

23. L. Gaudreau et al., Phys. Rev. Lett. 97, 036807 (2006). 

24. Materials and methods are available as supporting 
material on Science Online. 

25. D. M. Zumbiihl, C. M. Marcus, M. P. Hanson, 

A.C. Gossard, Phys. Rev. Lett. 93, 256801 (2004). 

26. J. R. Petta et al., Phys. Rev. Lett. 100, 067601 (2008). 

27. E. Shimshoni, Y. Gefen, Ann. Phys. 210, 16 (1991). 

28. A. V. Shytov, D. A. Ivanov, M. V. Feigel’man, Eur. Phys. J. 
B 36, 263 (2003). 

29. J. M. Taylor et al., Phys. Rev. Lett. 94, 236803 (2005). 

30. We thank G. Burkard, B. Coish, D. Haldane, D. Huse, 

D. Loss, and H. Ribeiro for useful discussions and 

C. Laumann for technical contributions. Research at 
Princeton Univ. was supported by the Sloan Foundation, 
the Packard Foundation, and the NSF through the 
Princeton Center for Complex Materials (grant 
DMR-0819860) and CAREER award (grant DMR-0846341). 
Work at UCSB was supported by the Defense Advanced 
Research Projects Agency grant N66001-09-1-2020 and 
the UCSB National Science Foundation DMR Materials 
Research Science and Engineering Center. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/327/5966/669/DC1 
Materials and Methods 

SOM Text 

Figs. $1 to $3 

References 


21 October 2009; accepted 15 December 2009 
10.1126/science.1183628 


Water Freezes Differently on Positively 
and Negatively Charged Surfaces 
of Pyroelectric Materials 


David Ehre, Etay Lavert, Meir Lahav, Igor Lubomirsky* 


Although ice melts and water freezes under equilibrium conditions at 0°C, water can be 
supercooled under homogeneous conditions in a clean environment down to —40°C without 
freezing. The influence of the electric field on the freezing temperature of supercooled water 
(electrofreezing) is of topical importance in the living and inanimate worlds. We report that 
positively charged surfaces of pyroelectric LiTaO3 crystals and SrTiO thin films promote ice 
nucleation, whereas the same surfaces when negatively charged reduce the freezing temperature. 
Accordingly, droplets of water cooled down on a negatively charged LiTaO3 surface and 
remaining liquid at —11°C freeze immediately when this surface is heated to —8°C, as a result 
of the replacement of the negative surface charge by a positive one. Furthermore, powder x-ray 
diffraction studies demonstrated that the freezing on the positively charged surface starts at 
the solid/water interface, whereas on a negatively charged surface, ice nucleation starts at the 


air/water interface. 


he ability to control the freezing temper- 

| ature of supercooled water with auxiliaries, 
which promote or suppress ice nucleation, 
provides a critical factor in a variety of areas 


such as the survival of ectothermic animals, cryo- 
preservation of cells and tissues, prevention of 
the freezing of crops, cloud seeding, and snow- 
making, to mention but a few (/). There are a 


number of studies, dating back to 1861 (2, 3), 
indicating that the local electric field near charged 
surfaces may enhance the freezing of super- 
cooled water (SCW), so-called electrofreezing. 
This effect is attributed to the ability of the elec- 
tric field to induce the formation of icelike nuclei. 
Electrofreezing of ice has been reported near 
charged metallic electrodes (4, 5) or dielectric 
surfaces charged by mechanical friction (6, 7), or 
within the crevices of polar crystals (8). X-ray 
specular reflectivity measurements (9) and vi- 
brational spectroscopic methods such as sum- 
frequency generation (SFG) (0, //), supported 
by statistical computer simulation studies (72—/6), 
have proposed that water molecules near surfaces 
in general, and near charged surfaces in particular, 
form clusters that are structurally different from 
those present in bulk water. 

Studies performed with charged metallic elec- 
trodes cannot isolate the net effect of the electric 
field because SCW freezes at noncharged me- 
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tallic surfaces close to the melting point as a 
result of the binding of the water molecules to 
highly conductive surfaces, epitaxy, and the mir- 
ror charge effect (4, 5, 17). A way to isolate the 
influence of the electric field is to use pyroelectric 
materials, because they are insulators but the 
charge on their surface can be manipulated. Pyro- 
electricity is an inherent property of polar mate- 
rials. Upon cooling or heating, the surfaces of a 
pyroelectric plate cut perpendicular to the polar 
axis develop equal but opposite charges (Fig. 
1A). The sign of the charge at a given surface is 
defined by the sense of polarity of the crystal and 
can be either positive or negative, depending on 
whether the material is cooled down or warmed 
up. The charge induced by a change in temper- 
ature dissipates within a few minutes because of 
leakage through and/or around the plate. How- 
ever, as long as the temperature continues to vary, 
the charge at the surface persists. 

An unsupported pyroelectric plate with in- 
duced surface charges can be viewed as a parallel 
plate capacitor in which the electric field is con- 
fined to the plate interior (Fig. 1, A and B). 
However, if one of the surfaces is connected to a 
conductor, then its charge will be redistributed 
immediately and the direction of the electric field 
will depend on the conductor’s configuration. 
For the setup depicted in Fig. 1C, the top surface 
of the plate becomes charged with respect to the 
walls of the container, with the electric field 
perpendicular to the surface. The charge density 
G, generated at the surface as a result of some 
temperature change (for instance, AT = 10K), is 
given by o =a x AT = 2.3 x 107C/cm? (C, 
coulomb), where a = 2.3 x 10 °C/(cm? x K) 
(K, kelvin) is the pyroelectric coefficient of 
LiTaO; (Fig. 1C). Although, only a very small 
fraction of this charge, f << 1, is redistributed 
to the external conductor, the induced electric 
field can be very strong. For instance, if f = 10% 


Fig. 1. (A) A pyroelec- 
tric plate without com- 
pensating (depolarization) 
charges. The electric field 
induced by the sponta- 
neous polarization (sur- 
face charge) (shown by 
gray arrows) is confined 
to the interior of the crys- 
tal. (B) At equilibrium, 
the spontaneous polar- 
ization is compensated 
for by an external (de- 
polarization) charge. A 
change in temperature 
changes the spontaneous 
polarization and induces 
an electric field inside the 


crystal [similar to (A)]. After a few minutes, the excess charge dissipates and 
the equilibrium reestablishes itself. (C) A change in temperature produces an 
external electric field if a pyroelectric plate is placed in a metal cylinder, 
because the excess charge of the bottom side redistributes immediately, 
whereas the charge at the top side requires a much longer equilibration 


(as estimated for our setup), the electric field is 
about E = f x a/(€ x €0) = 320 kV/cm (/8), 
where €p is the dielectric permittivity of vacuum 
and ¢ = 81 is the dielectric permittivity of water. 
Because water has a finite conductivity, the elec- 
tric field decays (is screened) over ~0.8 um (the 
Debye length for pure water). Because this 
distance is much larger than the size of a water 
molecule, the electric field generated in the vi- 
cinity of a pyroelectric surface is expected to align 
the polar water molecules and assemble them in 
supramolecular clusters. The external electric field 
can be switched on and off by controlling the 
charge flow to the container. Accordingly, the 
effect of the electric field on the freezing of SCW 
can be compared with and without the field in 
either direction on the same surface. Here we 
report on a startling difference in the freezing 
temperature of SCW between the positively and 
negatively charged surfaces. 

Four types of specimens (four of each type, 
8 x 8 mm) were prepared from the same (001) 
3-in-diameter, 0.5-mm-thick LiTaO; wafer (the 
so-called Z-cut wafer). The specimens had either 
(001) or (001) surface (Fig. 1D) left uncoated 
and the opposite surface coated either by 200 nm 
of Cr (henceforth called Zj44 and Zgeg, Te- 
spectively), or by 500 nm of Al,O; (henceforth 
called Z* gag and Z;, gags tespectively). The 
specimens were placed, exposing the uncoated 
surface, in a copper cylinder with freshly polished 
inner surfaces mounted on a temperature-controlled 
(£0.1°C) stage. The presence of the Cr layer at 
the bottom surface of the Zj44 and Zjj4 spec- 
imens ensured good contact with the polished 
copper and facilitated charge distribution, where- 
as the insulating layer of Al,O; obstructed charge 
flow. Consequently, Zj; and Z;.3 specimens 
developed an electric field at their top surface, 
whereas Z;* gig and Z;, geq Specimens did not 


0 
(Fig. 1C). The specimens were cooled in a room 


charges, respectively. 
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with 45 + 5% humidity at the rate of 2°C/min 
down from +24°C until the condensation of small 
(=0.1-mm) droplets was achieved. Further cooling 
froze the water, and the freezing temperature was 
detected (+0.5°C) by observing the droplets with 
an optical microscope and by detecting the heat 
released during freezing (/9). To ensure repro- 
ducibility, before each experiment the top sur- 
face of the specimens was cleaned by low-pressure 
(0.5-mbar) oxygen plasma (see the supporting on- 
line material for experimental details) (20). The 
orientation of the ice crystals was deduced from the 
x-ray diffraction acquired with a Rigaku ULTIMA 
Ill diffractometer. The experiments were repeated 
and reproduced more than 20 times with each 
specimen. 

Water droplets freeze at —12.5° + 3°C at (001) 
and (001) surfaces without an electric field (spec- 
imens Ze fied ANd Z,, feiq)- In contrast, the freez- 
ing temperatures on the specimens that develop 
an electric field (Zia and Zj.4) differ dramat- 
ically from each other and from the surfaces 
without field. Water droplets freeze at -7° + 1°C 
at the positively charged surface (Zjij3 speci- 
mens), whereas at the negatively charged surface 
(specimens Z;,.14), Water freezes at —18° + 1°C, 
but the freezing starts at the air/water interface, 
at which the electric field is much smaller than at 
the solid/water interface. Furthermore, if the water 
droplets are kept for 3 to 10 min at —11°C ona 
Zgeiq Specimen, they do not freeze. However, the 
3- to 10-min time period was found experimen- 
tally to be sufficient for the negative charge to 
dissipate. Thereafter, heating of the specimen (by 
2°C/min) from —11° to—8°C produces a small but 
positive charge at the surface, which induces im- 
mediate freezing. Thus, on a pyroelectric surface 
of Zj,.44 Specimens, water freezing can be induced 
by heating, because it creates a positive charge at 
the (001) surface of LiTaO . These findings in- 
dicate that a positively charged surface promotes 
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time. (D) Projection of the packing arrangement of a pyroelectric LiTaO3 
crystal parallel to the polar axis (z axis) on the (100) plane. The direction 
(001), called Z* (up), and the direction (001), called Z~ (down), are not 
equivalent. Upon cooling, these surfaces develop positive and negative 
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water freezing, whereas a negatively charged sur- 
face retards it, irrespective of whether the crystal- 
lization occurs on the (001)or (001) surface. 

To provide additional insight, we measured 
the specular x-ray diffraction (XRD) patterns of 
the ice polycrystals (2/). The XRD patterns for 
Zyo field ANA Z,, geiq are almost indistinguishable 
(Fig. 2A), which implies an absence of epitaxial 
effects specific to either surface. The intensity of 
the (002) diffraction peak is at least five times 
larger than the (100), (101), and (102) peaks. 
Furthermore, the rocking curve of the dominant 
(002) peak has a maximum around the inclination 


Fig. 2. Powder diffrac- 


angle @ = @— Orage = 0 (Fig. 2F) (22), which 
indicates that the crystallites are aligned with the 
(002) direction (the c axis of ice) perpendicular to 
the surface. This strongly suggests that the ice 
nucleation started at the LiTaO; crystal surface, 
with the basal (001) face of the ice crystallite 
attached to the solid surface. 

As anticipated, the XRD data (Fig. 2, B and 
C) show that the orientations of the ice crystals 
produced on the Zjj, and Zj, specimens are 
completely different from each other and from 
those of the uncharged surfaces. The (100) and 
the (002) diffraction peaks are dominant in the 


case of Zing (Fig. 2B). The 6 - 20 XRD scans of 
the crystals do not show significant differences as 
a function of the inclination angle © ( = 0°, Fig. 
2B, and = 7°, Fig. 2G), and the XRD patterns 
are quite close to those of a randomily oriented set 
of ice crystals (23)(Fig. 2E). In addition, the in- 
tensity of the (002) diffraction peak does not 
change significantly as a function of the inclina- 
tion angle (Fig. 21), which supports the conclu- 
sion drawn from Fig. 2, B and G, that most of the 
crystals on theZi 4 surface are randomly oriented. 
However, the rocking curve of the (100) peak 
(Fig. 2J) indicates that there is a small population 
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Fig. 3. Optical micros- 
copy images of water 
drops condensed on 7 x 
12 mm amorphous (top) 
and quasi-amorphous 
(bottom) films of SrTiO3 
(100 nm thickness grown 
on Si) at various temper- 
atures during cooling as 
follows: (A) —4°C, (B) 
—11°C, and (C) -12°C. 
Water freezes at —4°C 
on the quasi-amorphous 


206, deqrees 


: a i") 5 
inclination angle, », degrees 


(pyroelectric) film and at —12°C on the amorphous (nonpolar) film. The vertical dimension of all images is 1 mm. The space between the samples is an air gap. 
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of crystals that are almost perfectly oriented 
with the (100) direction perpendicular to the 
surface (Fig. 2J). In addition, there is a range of 
inclination angles @m =—4...+ 2°, with no 
crystals having this orientation. The presence 
of such an isolated population of crystallites 
suggests that this specific population was 
nucleated in the vicinity of a flat surface that 
served as a template. The only flat surface of the 
droplet is that of the LiTaO; crystal. The exact 
mechanism of the nucleation in this regime is 
very complicated to discern from these XRD 
studies. In particular, a number of theoretical 
studies predict that below 20°C, an electric field 
may arrange water molecules into cubic ice (,)— 
like tri-layers (24) that subsequently convert into 
the hexagonal (/,) stable polymorph (25, 26). 
Nevertheless, irrespective of these complications, 
the crystallographic phase of the primary nucleat- 
ing layer becomes an efficient source for the 
secondary nucleation, which agrees with the 
almost random distribution of ice crystals on the 
Zygq Surface (Fig. 2, B and G). 

The XRD patterns of the ice crystals grown 
at the negatively charged surface of the Zj.44 
specimens exhibit a very prominent feature 
indicating the source of their nucleation (Fig. 
2C). The (002) diffraction peak is much wider 
but does not show a skew (Fig. 2C). Further- 
more, the rocking curve of this peak shows two 
broad maxima (Fig. 2H), which implies that 
the nucleation took place on a curved surface 
that was close but not parallel to the surface of 
the specimen; that is, at the air/water interface 
(Fig. 3C). Consequently, one can infer that the 
nucleation occurs neither in the vicinity of the 
negatively charged LiTaO; surface nor in the 
bulk of the droplets, where the rate of 
nucleation is 10'° times slower in comparison 
to that at the air/water interface (27). The XRD 
pattern of the ice crystals produced by the 
positively charged surface of the 001 face (the 
charge-reversal experiment, Fig. 2D) indicates 
that the orientations of the crystals are almost 
random and are very close to those found when 
the crystals were grown on the Zea q Specimen, 
which supports the conclusion that a positive 
charge at the LiTaO; surface strongly facilitates 
ice nucleation. 

Similar differences in the temperature of ice 
nucleation are found when water freezing is per- 
formed on positively and negatively charged quasi- 
amorphous pyroelectric thin films. Recently, some 
of us reported that if amorphous films of SrTiO3, 
BaTiO3, and BaZrO; deposited on a silicon or 
silicon oxide substrate are pulled through a steep 
temperature gradient, they do not crystallize but 
form a quasi-amorphous pyroelectric phase (28). 
Transformation of the amorphous phase into the 
quasi-amorphous phase does not cause a change 
of composition, and the surface roughness of the 
quasi-amorphous films is even smaller [4 A/(I 
1 wm?) than that of the amorphous films from 
which they were prepared [8 AI x 1 um?)] (28-31). 
The SCW freezing experiments were performed 
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with the following four types of 60-nm-thick pyro- 
electric films of SrTiO; (7 x 12 mm): (i) Those de- 
posited on a bare, highly conductive (degenerate), 
(001) Si substrate (specimens QA j;,,). These spec- 
imens develop positive charge on the surface of 
SrTiO; upon cooling. (ii) Those deposited on a 
100-nm-thick layer of conductive buffer (SrRuO3) 
on highly conductive Si (specimens Q4j,,4) (32). 
These specimens develop negative charge on the 
surface of SrTiO; upon cooling. (iii) Those de- 
posited on a 50-nm-thick insulating SiO, layer on 
Si (specimens OA fila): IV) Those SrTiO films 
on highly conductive Si that were intentionally 
left amorphous and nonpyroelectric (specimen 
Avy fied)» The specimens QA, «4 aNd A,, fei did 
not develop charge at their surface in response to 
temperature change. 

The OAfags OAfcias OAr gerd ANd Ang gers 
films exhibited substantial differences in their 
freezing temperatures but they were similar to those 
of LaTiO3. Water droplets froze at-4°+ 1°C on 
the O4;.,, specimens, whereas on both OA*, gcig 
and A.,, jeg films, water froze at —12° + 4°C. On 
the QAj..4 Specimens, water froze only at —19° + 
3°C. The monitoring of ice nucleation on the 
QA}, and on the amorphous A, jj is shown in 
Fig. 3. 

Our data lead to a few obvious but very im- 
portant considerations. Water molecules orient 
their oxygen atoms with their lone electron pairs 
toward a positively charged surface, whereas water 
molecules orient their hydrogen atoms toward a 
negatively charged surface (9, /0). Because the 
electron density and geometry of the lone 
electron pairs of oxygen are very different from 
those of the two hydrogens, one should anticipate 
that the water molecules self-assemble and in- 
teract differently with the surfaces of opposite 
charge. It still remains an open question how the 
different orientation of the water molecules 
near such surfaces may promote or suppress 
the formation of the cubic or hexagonal ice— 
like nuclei. 
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The acidification caused by the dissolution of anthropogenic carbon dioxide (CO) in the ocean 
changes the chemistry and hence the bioavailability of iron (Fe), a limiting nutrient in large 
oceanic regions. Here, we show that the bioavailability of dissolved Fe may decline because of 
ocean acidification. Acidification of media containing various Fe compounds decreases the Fe 
uptake rate of diatoms and coccolithophores to an extent predicted by the changes in Fe chemistry. 
A slower Fe uptake by a model diatom with decreasing pH is also seen in experiments with Atlantic 
surface water. The Fe requirement of model phytoplankton remains unchanged with increasing 
COz. The ongoing acidification of seawater is likely to increase the Fe stress of phytoplankton 


populations in some areas of the ocean. 


he dissolution of additional atmospheric 

| carbon dioxide (CO) in the ocean will 
lead to predictable changes in the chem- 

istry of seawater, including an increase in partial 


pressure of CO; (Pco2), a decrease in pH, and a 
decrease in the carbonate ion concentration, 
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Fig. 1. Steady-state iron uptake rates in cultures of (A) 7. weissflogii, (B) 
T. oceanica, (D) E. huxleyi, and (E) P. tricornutum as a function of total iron 
concentration (Fe;) in EDTA-buffered culture medium over a range of pH/Pco2. 
Circles indicate 7. weissflogii: red, pH 7.7/Pcoz 950 ppm; green, pH 8.15/Pcoz 
320 ppm; and blue, pH 8.6/Pco2 90 ppm. Squares indicate 7. oceanica: red, 
pH 7.85/Pco2 680 ppm; green, pH 8.2/Pco2 290 ppm; and blue, pH 8.6/Pco2 
100 ppm. Triangles indicate £. huxleyi: red, pH 7.8/Pco, 770 ppm; green, 


[CO,7 ]. The possible biological consequences 
of these changes, all described by the term 
“ocean acidification,” are being extensively 
studied (/-4). In particular, the effects of 
increasing Pco, and decreasing [CO37 ] on phy- 
toplankton have received some attention (/, 4-6) 
but not, so far, the potential effects of the 
decrease in pH, which is nearly 0.3 pH units 
for a doubling of Pco. 

Iron (Fe) is the biologically important element 
whose chemistry is most sensitive to pH. The 


bulk of Fe(II) in the ocean is known to be che- 
lated by organic compounds (7, 8), and the frac- 
tion that is not chelated is present as hydrolyzed 
species, Fe(OH),°*”, with the neutral tri-hydroxy 
species, Fe(OH)s, being very insoluble. As ocean 
waters acidify, decreasing the hydroxide ion con- 
centration, Fe’s speciation and solubility will be 
altered. A decrease in pH by 0.3 unit should 
slightly increase iron’s solubility in seawater (9). 
The hydroxide ion and organic chelators com- 
pete for binding Fe(III) so that a decrease in pH 
should affect the extent of organic chelation of 
Fe and hence its availability to ambient orga- 
nisms. At the same time that a decrease in pH may 
affect the availability of Fe to phytoplankton, an 
increase in Pco, may change their Fe require- 
ments. For example, increasing the extracellular 
concentration of CO, should decrease the need to 
operate a carbon-concentrating mechanism (CCM) 
for CO; fixation (0, /7) and hence may allow an 
economy in the Fe involved in the photosynthetic 
or respiratory processes that provide energy for 
the CCM. Through changes in Fe availability and 
requirements, ocean acidification may affect pri- 
mary production and the ecology of phytoplankton. 
Here, we present data on the effect of acidifica- 
tion on Fe availability and requirements in labo- 
ratory cultures of diatoms and coccolithophores 
and on the uptake of Fe bound to natural ligands 


va 
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pH 8.1/Pcoz 370 ppm; and blue, pH 8.5/Pcoz 130 ppm. Diamonds indicate 
P. tricornutum: red, pH 7.7/Pcoz 950 ppm; green, pH 8.1/Pco 360 ppm; and 
blue, pH 8.5/Pco 130 ppm. (C) and (F) When plotted as a function of the 
unchelated iron concentration, Fe’, uptake rates coalesce for each organism 
following a one-to-one line. The red dashed line in (C) is identical to the one 
shown in (F). Results of each organism are from a single experiment. Additional 
experiments yielded results that follow the same lines shown in (C) and (F). 


5 FEBRUARY 2010 VOL 327 SCIENCE www.sciencemag.org 


in coastal and open-ocean surface waters of the 
Atlantic. 

Dissolved Fe in surface seawater is strongly 
complexed by organic ligands (7, 8). Fe uptake 
by marine phytoplankton depends on the extent 
of Fe(II) chelation, as well as on the nature of the 
chelating agent (12-14). We examined the effect 
of pH on Fe uptake by four model species—the 
coastal centric diatom Thalassiosira weissflogii, the 
open ocean-centric diatom Thalassiosira oceanica, 
the pennate diatom Phaeodactylum tricornutum, 
and the coccolithophore Emiliana huxleyi—under 
conditions in which Fe is bound to a variety of 
organic ligands representing a range of functional 
binding groups. 

The uptake by phytoplankton of Fe(III) che- 
lated by an excess of the tetracarboxylic acid EDTA 
represents a limiting case in which the uptake rate 
depends only on the unchelated Fe concentration 
Fe’ = , [Fe(OH),° *"], which can be precisely 
calculated (/5). Ata given total Fe concentration 


in an EDTA-buffered medium, we observed a 
significant decrease in the steady Fe uptake rate 
of all phytoplankton species with decreasing pH 
in the range of 8.6 to 7.7 (Fig. 1, A, B, D, and E) 
(16). However, all the data for one species closely 
follow a single line when plotted as a function of 
the calculated Fe’ (Fig. 1, C and F). The uptake 
rates are proportional to Fe’, showing that the ef- 
fect of pH is due to a change in the chemical spe- 
ciation of Fe. The oceanic species have a higher 
Fe uptake rate; this has been shown before to be 
due to their smaller size (17, /8). In short-term 
uptake experiments with 7 weissflogii in the 
presence of excess EDTA, both the direction and 
the magnitude of the pH effect on the kinetics of 
Fe uptake were similar to those observed in the 
steady-state experiments (Fig. 2A). The data of 
Fig. 1 and Fig. 2A demonstrate that the effect of 
pH on the rate of Fe uptake by our model species 
results from changes in Fe chemistry and not a 
physiological response of the organisms. 


Fig. 2. Short-term Fe up- 
take by iron-limited 7. 
weissflogii from iron 
bound to three chelators, 
(A) the aminocarboxylate 
EDTA, (B) the biscatechol- 
ate siderophore azotochelin, 
and (C) the trihydroxa- 
mate siderophore desferri- 
ferrioxamine B, and from 


A 


Fe-EDTA 


iron in the forms of (D) 


8.4/160 8.0/460 7.6/1200 


freshly precipitated ferri- 
hydrite and (E) ferrihy- 
drite sequestered in the 
iron storage protein Dps 
at three different pH/Pco. 
Error bars represent the 
SD of biological replicates 
(n = 2 replicates). 
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The high pH sensitivity of Fe’ in the presence 
of excess EDTA results from the fact that the dis- 
sociation of Fe-EDTA releases about 2.3 protons 
in seawater at pH 8.1 [supporting online material 
(SOM) text] and becomes increasingly less fa- 
vored at low pH (charges omitted for simplicity): 


Fe(OH)o6Y + Ca?* + 2.3 H,0 


= Fe(OH))9 + CaY + 2.3H* (1) 
A qualitatively similar result should obtain for Fe 
bound to any chelator with acidic binding groups 
that are not protonated in seawater, whether or not 
bound to Ca** or Mg". The extent of decrease in 
Fe’ with decreasing pH depends on the number of 
protons released upon dissociation of Fe. There- 
fore, no effect of pH on Fe’ or Fe uptake should be 
seen when Fe is bound to chelators that are pro- 
tonated in seawater and whose dissociation from 
Fe does not release H”. This is the case for cate- 
chols, which are known to serve as strong ligands 
for Fe(III) binding and have been identified as 
components of the organic matter presumptively 
responsible for Fe chelation in the surface ocean 
(79). We thus tested the effect of pH on the uptake 
of Fe(III) bound to the bis-catecholate azotochelin. 
The catechol groups of this compound are proton- 
ated at the pH of seawater, and the dissociation of 
the Fe(III)-azotochelin complex thus releases only 
0.1 protons at pH 8.1 (SOM text): 


FeY + 29H,0 


= Fe(OH); + HpsY + 0.1H* = (2) 
We observed, as expected, a negligible effect of 
pH on Fe uptake by 7 weissflogii when Fe was 
bound to azotochelin (Fig. 2B). 

Besides carboxylic acids and catechols, hydrox- 
amates are among the principal functional groups 
involved in Fe(II) binding in strong chelators like 
siderophores. The uptake of Fe(III) chelated to the 
model trihydroxamate DFB (desferri-ferrioxamine 
B) is another limiting case because uptake is me- 
diated by a reduction of the Fe(II)DFB complex 
at the cell surface catalyzed by transmembrane 
reductases (/2, /3). As a result, the uptake rate is 
proportional to the concentration of Fe(IID)-DFB, 
which is unaffected by pH. But the uptake de- 
pends on the effectiveness of the enzymatic reduc- 
tion of Fe(III)-DFB, which might decrease with 
pH because the transfer of electrons from cellular 
reductants usually liberates protons (20). Short- 
term Fe uptake experiments with 7. weissflogii in 
the presence of excess DFB show a significant 
decrease in uptake rate with decreasing pH, by 
about a factor of two for a decrease by one pH 
unit (Fig. 2C). 

Phytoplankton can acquire Fe from oxy- 
hydroxide colloids. In this case, the rate of Fe 
uptake by the organisms is governed by either the 
solubility of the colloidal Fe or its rate of dis- 
solution, which should increase with its degree of 
under-saturation (2/). Because in the pH range of 
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interest the average number of hydroxyls bound 
to dissolved Fe(II) is about three (22) (SOM text), 
both the solubility of Fe and its dissolution rate 
are nearly independent of pH, as can be seen in 
the dissolution reaction: 


Fe(OH)3(s) = Fe(OH)3(aq) @B) 


But the uptake of Fe by phytoplankton in the 
presence of colloidal Fe (and hence in the ab- 
sence of excess chelator) is inherently difficult to 
quantify because, in particular, of adsorption of 
the colloids on the cells and on the walls of the 
vessel. Our experiments with 7 weisflogii in the 
presence of freshly precipitated ferrihydrite yielded 
noisy data with an unexpected lower uptake rate 
at low pH, although the trend is not statistically 
significant [P = 0.15, one-way analysis of var- 
iance (ANOVA)] (Fig. 2D). 

We performed a similar experiment with 
ferrihydrite sequestered in the iron-storage pro- 
tein Dps (23). It has been shown that phyto- 
plankton can take up Fe from Dps and that the 
uptake rate depends on the dissolution of the col- 
loidal protein core that releases Fe (24). Our ex- 
perimental results were slightly less noisy than 
those with ferrihydrite and showed no signifi- 
cant effect of pH on the kinetics of Fe uptake by 
T. weissflogii (P = 0.43, one-way ANOVA) (Fig. 
2E). Because the Dps we used in this experi- 
ment was an overexpressed protein from the abun- 
dant marine cyanobacterium Trichodesmium, this 
source of Fe may plausibly be present in ocean 
waters. 

Concomitantly, with our studies of Fe uptake 
by the phytoplankton, we examined the effect of 
varying Pco2/pH on the Fe requirements of our 
model species. On the basis of simultaneous mea- 
surements of carbon and Fe accumulation, we 
calculated cellular iron to carbon ratios (Fe:C). 
Under present-day and higher Pco2, growth rate 
increased with increasing cellular Fe:C ratios, but 
the Fe requirement was unaffected by pH/Pco2 
(Fig. 3, A to C). Consistent with these results, 
proteins representative of the major photosynthetic 
protein complexes, which constitute the majority 
of cellular iron under iron limitation (25), were 
unaffected by Pco>/pH, as illustrated in Fig. 3D 
for T. weissflogii. Although the CCM was up- 
regulated at low Pco, as shown by the large in- 
crease in carbonic anhydrase abundance, the 
cellular content of PsbA (D1 protein of PSID, 
cytochrome b6, and PsaC (Fe-S binding protein 
of PSI) remained unchanged. For a given growth 
rate, we observed a much higher Fe:C ratio at low 
than at ambient and high Pco; in diatoms, but not 
in the coccolithophore E. huxleyi (Fig. 3, A to C). 
Such low ambient Pco2 presumably results in a 
stress in the organism that may need to up-regulate 
the CCM or detoxification mechanisms for 
reactive oxygen species, leading to an increase in 
energy and Fe requirement (/0, //, 26). 

Our laboratory data provide a framework to 
interpret field experiments on the effects of ocean 
acidification. On the basis of our data, we expect 
that the availability of Fe to phytoplankton in 


surface seawater should decrease with pH to an 
extent dictated by the acid-base chemistry of the 
chelating ligands. We conducted experiments with 
surface seawater collected from the New Jersey 
coast and the Bermuda Atlantic Time-series Study 
(BATS) region in June and September 2009 using 
clean techniques and modulating the pH/Pco by 
adding ultraclean acid or base. We measured the 
uptake of Fe bound to natural iron-complexing 


14 


ligands by 7: weissflogii after pre-equilibration of 
a low concentration of Fe radioisotope in 0.22 um 
filtered seawater at varying pH/Pco>. As in most 
laboratory experiments, the Fe uptake rate decreased 
systematically with increasing Pco2/decreasing 
pH in samples collected near the New Jersey 
coast and in two samples from the BATS region 
(Fig. 4). Although the effect of pH in any given 
experiment was not statistically significant, sta- 
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Fig. 3. Specific growth rate of (A) T. weissflogii, (B) T. oceanica and E. huxleyi, and (C) P. tricornutum as a 
function of cellular iron concentration at three different pH/Pco levels in EDTA-buffered culture medium. 
Symbols correspond to the same pH/Pco; values as in Fig. 1; results of each organism are from a single 
experiment. (D) Western blot analyses of the photosynthetic proteins PsbA (the D1 protein of photosystem 
Il), cytochrome bg of the cytochrome bef complex, PsaC (Fe-S binding protein of PSI), and CDCA (the 
cadmium carbonic anhydrase) in 7. weissflogii at three different pH/Pco2. The values shown are normalized 
to abundance at pH 7.7/Pco2 950 ppm. Error bars represent the SD of biological replicates (n = 2 to 4 replicates). 
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tistical analysis on normalized compiled data 
from all the experiments reveals that both the 
difference between low pH and median pH and 
that between low pH and high pH are significant 
(P = 0.044 and P = 0.005, respectively; ¢ test, 
two-tailed distribution). Because we know that 
pH variations in this range have no effect on the 
Fe uptake capabilities of Z weissflogii, the ob- 
served decrease in Fe uptake rate is presumably 
due to a change in the chemical speciation of Fe 
with pH. On average, the Fe uptake rate de- 
creased by about 10 to 20% from the high-pH 
(~8.4) to the low-pH (~7.8) conditions in the ex- 
periments we conducted, reflecting presumably 
the acid-base chemistry of the mixture of func- 
tional groups responsible for Fe chelation in the 
various water samples used for the experiments. 
It would appear from the modest effect of acid- 
ification on Fe uptake rates that little of the iron 
was bound to carboxylic acid moieties in our 
field samples. The only published experiments 
on the effect of pH on iron speciation in seawater 
show that, in a sample of surface water from the 
North Sea, Fe’ decreased with decreasing pH 
(27), which is consistent with our observations. 
Those results also imply that the effectiveness of 
natural ligands in maintaining Fe in solution 
might be increased at low pH and may result in 
a slower Fe loss via the formation of Fe oxy- 
hydroxide precipitates. The very low ambient 
biomass in Sargasso Sea samples and the high 
concentrations of suspended particulate material 
in unfiltered New Jersey samples precluded Fe 
uptake experiments with the ambient phyto- 
plankton populations. 

The ongoing increase in atmospheric CO 
will have many indirect and direct effects on the 
physics, chemistry, and biology of the ocean. Our 
laboratory and field results show that one such 
effect is a decrease in the bioavailability of dis- 
solved Fe caused by the acidification of the water. 
This effect should be particularly important in 
areas where the major source of Fe at the surface 
is from the dissolved Fe in deep waters (28). In 
areas where particulate Fe inputs are important 
(29), this effect may be partially compensated by 
the increased effectiveness of some chelators in 
dissolving Fe from oxyhydroxides and/or by en- 
hancing the photo-induced redox cycle of Fe 
(30). We have found so far no evidence that an 
increase in Pco2 above present-day values results 
in a lower Fe requirement. It thus seems likely 
that, unless Fe inputs to surface seawater increase 
as a result of global change, the net result of 
seawater acidification should be an increase in 
the Fe-stress of the phytoplankton in many areas 
of the oceans. 
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Gradual Adaptation Toward a 
Range-Expansion Phenotype Initiated 
the Global Radiation of Toads 


Ines Van Bocxlaer,* Simon P. Loader,” Kim Roelants,? S. D. Biju,? 


Michele Menegon,’ Franky Bossuyt** 


Recent studies have identified range expansion as a potential driver of speciation. Yet it remains 
poorly understood how, under identical extrinsic settings, differential tendencies for geographic 
movement of taxa originate and subsequently affect diversification. We identified multiple traits 
that predict large distributional ranges in extant species of toads (Bufonidae) and used statistical 
methods to define and phylogenetically reconstruct an optimal range-expansion phenotype. Our 
results indicate that lineage-specific range-shifting abilities increased through an accumulation of 
adaptive traits that culminated in such a phenotype. This initiated the episode of global colonization 
and triggered the major radiation of toads. Evolution toward a range-expansion phenotype might be 
crucial to understanding both ancient widespread radiations and the evolutionary background of 
contemporary invasive species such as the cane toad. 


ursts of species diversification have 
B played a central role in shaping current 

biodiversity patterns across the world (/). 
Such periods of accelerated speciation have been 
typically linked to adaptive radiations, whereby 
ecological differentiation happens in a group of 
related sympatric species (2). However, recent 
studies have suggested an important role for 
range expansion in promoting speciation rates 
(3, 4), which raises the question of why, under 
identical extrinsic settings (e.g., land bridges, 
climate change), some lineages have dispersed 
while others diversified in situ (5). Transferring 


this notion from ecological to historical bio- 
geography is difficult because of the lack of 
lineage-specific information on traits promoting 
range expansion (3, 4, 6, 7). We identified such 
traits in extant toads (Bufonidae) through their 
present-day correlation with species distribution 
ranges. Evolutionary reconstructions in a com- 
prehensive phylogenetic, biogeographic, and 
temporal framework provide a means to eluci- 
date the evolutionary history of these traits and 
their consequences for speciation in this group. 

Toads attained a subcosmopolitan distribu- 
tion in a very short time frame (8, 9), and the 
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500 known species show an interesting diversity 
in larval and adult adaptations on each continent 
(Fig. 1, A and B). Additionally, whereas some 
bufonids are endemic to a small area and are 
extremely vulnerable (e.g., harlequin toads) 
(10), others (e.g., the cane toad) are notorious 
for their ability to adapt and expand their range 
at an exceptional pace (//). These differences 
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provide an excellent basis for a comparative evo- 
lutionary study of the influence of intrinsic, range 
expansion—promoting traits on speciation rates. 
To search for traits that can be directly or 
indirectly linked to such differences in extant 
species, we used phylogenetically controlled sta- 
tistical tests that check for a correlation with 
current distribution ranges as a proxy for range- 
expansion ability (2). We constructed a data set 
of 228 taxa (~43% of bufonid species diversity) 
sampled from all over their distribution range. 
Maximum likelihood and Bayesian analyses 
yielded a time-calibrated tree that is largely 
congruent with previous studies. Subsequent bio- 
geographical reconstructions confirm that range 
expansion started in South America and rapidly 
resulted in colonization of the major continents 
(8) (Fig. 1C, gray box). We identified seven life 
history traits that, on the basis of their docu- 


mented functions, are candidate promoters of 
range-expansion ability (Table 1) and used char- 
acter evolution simulations to ascertain that none 
of the observed correlations with present-day spe- 
cies distribution areas were caused by phyloge- 
netic dependence (/2). 

Our data indicate a significantly larger 
distribution for species whose adults are not 
dependent on the constant availability of water 
bodies, high air humidity levels, or damp 
substrates, relative to species whose adults are 
dependent on such conditions (P < 0.001). The 
former may have diverse cutaneous adaptations 
that allow them to disperse through a variety of 
habitats (/3). Species with parotoid glands 
(parotoids) show significantly larger distribution 
areas as well (P < 0.001). These glands secrete 
an array of molecules that are poisonous to 
many animals and are one of the components 
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Fig. 1. Range-expansion ability in toads. (A) Examples of species at the lower 
end of the spectrum. Left: Atelopus cruciger, adult, a riparian species. Right: 
Oreophrynella nigra next to a small egg clutch on land. (B) Examples of species 
at the higher end of the spectrum. Left: Rhinella marina, the cane toad, is 
infamous for its invasion of the Australian continent. Right: Strings that contain 
thousands of eggs in Bufo bufo. (C) Molecular time scale for 228 taxa. Colored 
dots indicate the estimated probabilities of the ORP (index 2, see text) based 


on the five adult and developmental traits (12) indicated with an asterisk in 
Table 1. The gray box indicates the major period of global colonization. Darker 
branches were reconstructed as dispersal events by Lagrange analysis (28). The 
estimated probabilities of the ORP show a gradual increase toward the dis- 
persing lineages (nodes 1 and 5) and a decrease after the major period of 
global colonization (nodes 2, 3, and 4). Drawings symbolize species at the 
lower and higher ends of the range-expansion ability spectrum. 
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contributing to the success of the cane toad in- 
vasion in Australia (/4). Furthermore, parotoids 
have large granular alveoli holding a secretion 
that contains highly hydrophilous glycosamino- 
glycans, allowing the retention of large quantities 
of water during the dry season (/5). Our data 
also indicate a significant correlation with the 
presence of inguinal fat bodies (P < 0.001), fat 
storage organs important for providing supple- 
mentary energy when resources are limited (/6). 
Finally, species with a large adult size (snout- 
vent length > 50 mm in males) show a sig- 
nificantly larger distribution than smaller species 
(P < 0.001). It has been argued that relative 
water loss is minimal with small surface-to- 
volume ratios, as observed in large animals (/3), 
and that water retention is optimal with large 
relative bladder size, as observed in Bufo species 
U7, 18). 

We also identified three traits in reproduction 
and development that show significant correla- 
tion with modern species’ distribution ranges 
(Table 1). Relative to species that are restricted 
to specialized oviposition, species laying their 
eggs in various kinds of water bodies have 
significantly larger ranges (P < 0.001). Such 
species are capable of laying eggs in temporal 
water bodies—that is, whenever rainfall con- 
ditions become favorable—and can more easily 
disperse and reproduce in harsh habitats (/3). 
Comparison of larval feeding modes shows that 
species with exotrophous larvae (which take 
food from the environment) also have a larger 
distribution than species with endotrophous ones 
(which obtain food from maternal sources of 
energy, requiring a more costly parental invest- 
ment) (17) (P < 0.001). Finally, egg clutch size 
is extremely variable, ranging from 45,000 eggs 
in Anaxyrus cognatus to only five in Pelophryne 
species (/9, 20), and our analyses indicate larger 
distribution areas for species with large clutch 
sizes (P < 0.001). 

The strong correlation of these traits with 
present-day distribution ranges identifies them 
as plausible indicators of range-expansion abil- 
ity in toads (i.e. a large present distribution 
range implicates a past episode of range expan- 
sion). As a consequence, their combined presence 
is expected to constitute an optimal range- 
expansion phenotype (ORP), whereas other 


combinations of presence or absence of these 
traits approximate the ORP to a lesser degree. 
This rationale was used to reconstruct variations 
in range-expansion ability throughout toad 
evolutionary history. 

Reconstructions of individual traits (/2) 
generally indicated high probabilities for range 
shift-promoting character states at periods of 
transcontinental colonization (Fig. 1C). We used 
two indices to summarize the evolutionary 
history of these traits for each ancestral node: 
(i) the number of range expansion—promoting 
traits that had a high (>95%) probability of 
being present, and (ii) the product of the prob- 
abilities for individual character states, which 
indicates the probability of reflecting the ORP as 
a whole (Fig. 1C). Both indices show a gradual 
increase along basal branches of the bufonid ra- 
diation predating the period of global colonization. 

Maximal scores for both indices are reached at 
the branches of the first transcontinental dispersal 
event out of South America (Fig. 1C, branch 1) 
and subsequent global colonization (Fig. 1C, gray 
box). After spreading across the Old World, 
several lineages on different continents indepen- 
dently attained more specialized ecomorphs, as 
reflected by parallel decreases of the indices in 
Africa, Southeast Asia, and the Indian sub- 
continent (Fig. 1C, nodes 2, 3, and 4, respec- 
tively). Notably, we estimate a second major 
increase in both indices along the branches of a 
widespread (i.e., Indian subcontinent, Southeast 
Asia, and northern Africa) clade (Fig. 1C, node 5) 
that evolved from ancestors endemic to the Indian 
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Western Ghats and Sri Lanka (Fig. 1C, between 
nodes 4 and 5) (9). The bufonid ORP matches 
the typical Bufo morphology (i.e., a relatively 
large terrestrial toad with glandular skin and 
large parotoids). This morphology is. still 
widespread among modern species, and the fact 
that distantly related species often look very 
similar has confounded taxonomy in this family 
for decades. 

To evaluate whether the increase in range- 
expansion ability led to increased speciation, we 
inferred speciation rates under various models of 
net diversification (i.e., with relative extinction 
rate ranging from zero to an extremely high 
value). Rate-through-time plots of net diversifi- 
cation suggest, under any model, an acceleration 
of bufonid speciation during the period of global 
colonization (Fig. 2, gray box). This acceleration 
immediately followed the rise of the ORP, a 
pattern that is robust against uncertainties in 
phylogenetic reconstruction and divergence time 
estimation (12). Furthermore, the subsequent 
decrease in net diversification follows the arrival 
of toads on each of the continents, indicating 
that in situ speciation was generally slower than 
range expansion—correlated speciation. Bio- 
geographic reconstructions distinguishing be- 
tween speciation within a single continent and 
speciation after an intercontinental range expan- 
sion show that the latter makes up 43% of the 
total number of nodes during the radiation 
(versus 0% before and 4% after this episode). 
This suggests that range expansion itself was an 
important driver of diversification in bufonids. 


Fig. 2. Rate-through-time plot of 
net diversification for successive 
5-million-year intervals for bufonids 
(Ma, million years ago). The gray 
box refers to the period of global 
colonization. 
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Table 1. Traits that are promoters of range expansion, as indicated by statistical tests (i.e., P< 0.001 for U test and test of phylogenetic independence). 
Characters with an asterisk were used for index calculations. 


Traits 


Context 


(Semi-)terrestrial adult niche (according to IUCN data)* 


Large body size 
Presence of parotoid glands* 
Presence of inguinal fat bodies* 


Aquatic, opportunistic oviposition site* 
Large clutch size 
Exotrophous larvae* 


Adults 


No dependency on constant water or humidity 


Higher relative water storage ability in bladder 
Enhanced toxicity and rehydration ability 
Extra energy reserve (extra fat storage ability) 


Reproduction and development 


Ability to use all kinds of water bodies, including those in harsh habitats 
Typical feature of r-strategy 
Limited maternal investment in larval nutrition 
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The observed pattern of accelerated specia- 
tion shows major differences from classic models 
of adaptive radiation. In these models, phenotypic 
changes often coincide with genetic isolation of 
populations in various ecological niches (ecolog- 
ical speciation). Our study demonstrates that the 
adaptive origin of phenotypic traits that increased 
colonization ability happened before the radiation 
of toads. Our macroevolutionary analyses did not 
identify major changes during the period of ac- 
celerated speciation. Yet, as observed in expanding 
populations, the process of geographic move- 
ment may have further driven evolutionary 
optimization of traits that promoted range ex- 
pansion (2/7, 22). We hypothesize that these 
reciprocal effects have caused the rapid global 
colonization of bufonids and produced enhanced 
genetic drift at the expanding frontier, with 
consequent high levels of population differenti- 
ation and speciation (23— If so, toads 
demonstrate an interesting link between macro- 
evolutionary and microevolutionary processes 
promoting speciation. Because many species 
radiations now have large distribution ranges, 
often covering multiple continents (4, 26, 27), 
evolutionary shifts in traits promoting range- 
expansion may have significantly contributed to 
shaping today’s ecosystems. Finally, our recon- 
struction puts the rapid and destructive expansion 
of the cane toad in Australia into a macro- 
evolutionary context: The origin of this range- 


expansion ability appears to be rooted deep in the 
evolutionary tree of toads and may be a remnant 
of the period when toads colonized the world. 
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Flight Orientation Behaviors Promote 
Optimal Migration Trajectories in 


High-Flying Insects 


Jason W. Chapman,* Rebecca L. Nesbit,” Laura E. Burgin,** Don R. Reynolds,”> 
Alan D. Smith,* Douglas R. Middleton, Jane K. Hill? 


Many insects undertake long-range seasonal migrations to exploit temporary breeding sites 
hundreds or thousands of kilometers apart, but the behavioral adaptations that facilitate these 
movements remain largely unknown. Using entomological radar, we showed that the ability to 
select seasonally favorable, high-altitude winds is widespread in large day- and night-flying 
migrants and that insects adopt optimal flight headings that partially correct for crosswind drift, 
thus maximizing distances traveled. Trajectory analyses show that these behaviors increase 
migration distances by 40% and decrease the degree of drift from seasonally optimal directions. 
These flight behaviors match the sophistication of those seen in migrant birds and help 

explain how high-flying insects migrate successfully between seasonal habitats. 


ong-distance transcontinental migrations 

I by animals are well known, but the orien- 
tation strategies employed by migrants are 
poorly understood (/—3). This is particularly true 
of insects (4), many of which take advantage of 
airstreams hundreds of meters aloft for rapid 
transport between seasonal habitats. For example, 
moths migrate at altitudes where wind speeds 
greatly exceed the migrants’ selfpowered air- 
speeds (5—7), but the extent to which individuals 


are able to move in favorable directions, and how 
this is achieved, is not clear (2, 8). In contrast with 
nocturnal insects, day-flying migrant butterflies are 
usually assumed to travel close to the ground 
where wind speeds are slower than the insects’ 
airspeeds (9), although substantial butterfly migra- 
tion may also occur at high altitudes (/0, 1/). 
However, whether high-flying butterflies are still 
capable of maintaining seasonally beneficial mi- 
gration trajectories, as they can at ground level 


(12-14), is not known. More important, the 
consequences of these flight behaviors for pro- 
moting successful migration have not been ex- 
amined. We studied flight behavior in a range of 
high-altitude migrant Lepidoptera and modeled 
the effects of these behaviors on migration 
trajectories. 

We analyzed data from vertical-looking 
entomological radars [VLR (/5)] in the United 
Kingdom from 2000 to 2007 (/6). Our VLRs 
record large-scale wind-borne migrations 150 to 
1200 m above the ground (fig. S1), involving 
billions of insects. We focus on Lepidoptera, 
which predominate in these VLR data (6, /7, 18). 
Using radar data for >100,000 individual insects 
collected from 569 separate mass migration 
“events” (16) in spring and fall, we examined 
seasonal distributions of migratory displacements 
and flight headings of four groups of migratory 
insects [the noctuid moths Autographa gamma and 
Noctua pronuba (6, 17, 18), hawkmoths (Sphingi- 
dae); and butterflies (/6)], which spend the winter 
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around the Mediterranean basin and the summer in 
northem Europe (6, //, 19). 

During spring, the majority of mass migration 
events were northward (Fig. | and table S1). An 
individual’s displacement direction is the net 
result of the wind vector and the self-propelled 
flight vector, but in high-altitude insect migrants, 
it is largely determined by the wind (/6). Mean 
displacement directions were northward in all taxa 
(Rayleigh tests, 4. gamma, 354°; N. pronuba, 
344°; sphingids, 350°; and butterflies, 353°) (table 
$2 and fig. S2). The migrants usually showed 
significant common orientation in their flight 
headings (the direction of the insect’s flight with 
the effect of the wind removed), and the mean 
heading of each event was nearly always north- 
ward (Fig. | and table S1) and thus approximately 
downwind. The overall mean flight headings of all 
groups were similar to the corresponding 


Autographa gamma 


Track Heading Track 


Noctua pronuba 


Heading 


displacement directions and close to north (Ray- 
leigh tests; A. gamma, 18°; N. pronuba, 331°; 
sphingids, 319°; and butterflies, 8°) (table S2 and 
fig. S2). These migrants (n = 43,052 individuals) 
were therefore engaged in high-altitude wind- 
bome transport in seasonally favorable northward 
directions, which was facilitated by prevailing 
southwesterly winds (fig. S3). 

In the fall, migrants (7 = 58,902 individuals) 
again showed seasonally favorable displace- 
ment directions, in this case southward (Fig. 1 and 
table S1). The mean displacements and flight 
headings of fall migrants were highly direction- 
al, and close to due south (Rayleigh tests for 
displacements and headings; 4. gamma: 169° 
and 195°; N. pronuba: 174° and 193°; sphingids: 
171° and 190°; and butterflies: 152° and 175°, 
respectively) (table S2 and fig. S2). However, 
these return migrations to overwintering areas 


Sphingids Butterflies 


Track Heading Track Heading 


th es SOM 


Pepe Aap eR OW 


Fig. 1. Circular histograms of directional data for high-altitude migration events of four Lepidoptera 
taxa during spring and fall 2000-2007. Small black circles on the periphery of the large circles 
represent the mean direction of each migration event. The bearing of the solid black arrows indicates 
the mean displacement direction (track), or the mean heading, of the migration events, and arrow 
length is proportional to the degree of clustering of the data set about the mean (the r value). 
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Fig. 2. Distributions of correction angles of four insect taxa in spring (top row) and fall (bottom row). A 
correction angle (small circles at periphery) of 0° indicates that the mean heading of migrants was 
identical to the mean displacement direction. Positive values (clockwise from 0°) indicate that migrants 
partially corrected for wind drift by heading in a direction closer toward their PID than their current 
displacement direction. Conversely, negative values (counterclockwise from 0°) indicate orientation 
away from the PID. Migration events where the mean displacement direction was close to the seasonal 
PID (drift angles of <20°) are plotted and analyzed separately from those events where the 
displacement direction was further from the PID (drift angles of >20°). The arrows and solid lines 
indicate the mean sample vector and its 95% confidence interval. The figure shows that migrant 
Lepidoptera partially correct for wind drift when their displacement directions are >20° from their 
preferred migratory direction. 
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could not have resulted from a simple reliance 
on seasonal changes in wind direction, because 
prevailing fall downwind directions were toward 
the east (Rayleigh tests; diumal downwind 
direction, 90°; nocturnal downwind direction, 
110°; P < 0.001 in both cases) (fig. $3). Mete- 
orological cues are not thought to be used to 
detect tailwinds (6-8), a supposition that sug- 
gests that high-flying migrant insects assess their 
airbome displacement direction with an internal 
compass. 

The flight headings and displacement direc- 
tions were similar across the four insect groups 
within each season (fig. S2 and table $1), and we 
estimate that these flight behaviors added 4 to 6 
m/s of the migrants’ airspeeds to the wind vector, 
which considerably increased distances traveled. 
The moths achieved extremely rapid transport 
during migration events (fig. S4 and table S1), 
with mean speeds of ~15 m/s and maximum 
speeds of >25 m/s (54 and 90 km~/hour, respec- 
tively), and would be capable of traveling 400 to 
700 km during 8 hours’ flight. However, migrants 
could improve the directedness of their wind- 
bome displacements if they bias their headings 
to correct for crosswind drift (20) from their 
seasonally advantageous preferred compass 
direction [the “preferred inherited direction” 
(PID) (6), which we assume is north in spring 
and south in fall]. During migration events 
when crosswind drift was relatively minor (i.e., 
the difference between the displacement direc- 
tion and the PID was <20°), we found that the 
mean correction angles (/6) of migrants were also 
small (ranging from —4° to +9°), and distribu- 
tions were not significantly different from 0° 
(Fig. 2 and table $3). However, when the drift 
angle was large (>20°), migrants showed larger 
corrections (Fig. 2) that were significantly 
different from 0° (test for a circular mean 
against a specified alternative; P < 0.001 in all 
cases except spring-generation sphingids) (table 
S3). 

These data show that high-flying migrants do 
not simply fly downwind. Rather, when migratory 
tracks drift >20° from the seasonal PID, migrants 
take up headings that are significantly biased 
toward their PID, i.e., they correct for crosswind 
drift. These correction angles increased in magni- 
tude as the degree of drift away from the PID 
increased (linear regressions of correction angle on 
drift angle; spring: 7 = 0.16, F\,130 = 25.1, P< 
0.0001; fall: ° = 0.32, Fii7s = 86.6, P < 0.0001) 
(fig. SS). The regression slopes were significantly 
less than one, which implied that the insects 
showed partial correction [rather than full compensa- 
tion typical of birds (20)], resulting in higher 
displacement speeds because a greater compo- 
nent of the organism’s airspeed is directed down- 
wind. Furthermore, the mean flight altitude of 
A, gamma was not significantly different from 
the mean altitude of maximum wind speed [means 
( 1 SEM) of 425 + 18 m and 431 + 22 m, respec- 
tively; paired f test: 139 = 0.25, P= 0.804] (fig. S6), 
but was significantly different from the mean 
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altitude of most favorable wind direction (561 + 
32 m) and warmest temperature (208 + 13 m). 
Thus, A. gamma moths migrated at high altitudes 
(fig. S1) and selected the fastest airstreams; mi- 
gratory flight near the ground was rare [support- 
ing online material (SOM) text]. 

To evaluate the effect of these observed 
flight behaviors on migration trajectories, we 
modeled the flight pathways of migrants using 
the U.K. Meteorological Office’s atmospheric 
dispersion model NAME (/6), which simulates 
the transport of wind-borne particles. We ran 
two simulations, assuming migrants either were 
inert particles passively transported downwind 
or had 4. gamma-iike flight behavior (and thus 
were modeled with an additional flight vector of 
5 m/s toward their actual heading on each night 
and were constrained to the altitude of the 
fastest winds). By contrast, the inert particles 
were released at the same altitude as moths, but 
allowed to disperse stochastically throughout the 
boundary layer. Model simulations of 100 inert 
particles, or 100 moths, were run for 30 nights 
in fall 2003 and 2006 when mass return 
migrations of A. gamma occurred (table S4). 


A 


The addition of these two simple behav- 
ioral rules to the model had a considerable 
impact on migration trajectories (Fig. 3). The 
mean displacement directions of inert particle 
and moth trajectories were significantly different 
(test for a common mean direction; particles = 
125°, moths = 148°, Y= 7.67, n = 30, P= 0.0056). 
Furthermore, the end points of the moth trajec- 
tories were significantly closer to the fall PID 
(180°) than were the inert particle trajectories 
[mean drift angles (+ 1 SEM) of 35.0° + 4.5°, 
and 57.8° + 5.6°, respectively; paired f test: tho = 
8.2, P < 0.0001] (fig. S7 and table S4), which 
indicated that moth flight headings partially 
corrected for crosswind drift (by an average of 
22.8° + 2.8° compared with the inert particles). 
The moths traveled an additional 97.8 + 5.4 km 
during each 8-hour simulation, 40% farther than 
inert particles (mean distances of 311.3 km and 
213.4 km, respectively; paired f test: tho = 18.3, 
P < 0.0001) (fig. S8 and table S4). The dis- 
tribution of moths showed a significantly lower 
scatter in the end point of the trajectories com- 
pared with inert particles, both in terms of their 
displacement direction (paired f test comparing 


B 


the standard deviations of the direction: thy = 
8.9, P < 0.0001) and the distance traveled (paired 
t test comparing the standard deviations of the 
distance: fg = 6.8, P < 0.0001). Thus, the se- 
lection of beneficial flight headings and alti- 
tudes increases the directedness of the trajectory 
and distance traveled, while simultaneously 
reducing the dispersion of the migrants. 

The flight behaviors we examined allow 
insect migrants to utilize fast seasonally favorable 
tailwinds to maximize the distances traveled. The 
mechanisms for maximizing migration distance 
in favorable directions have presumably evolved 
because most insect migrants have very short 
migration “windows” (6). In this respect, insects 
are analogous to Arctic-breeding shorebirds, which 
also select the fastest high-altitude winds (2/), 
but differ from nocturnal passerine migrants, which 
select the most favorably directed winds (22); 
the resulting insect migration speeds are, in fact, 
considerably faster than those achieved by pas- 
serines (2). The relative contribution of differ- 
ent flight behaviors for promoting successful 
migration during, for example, different weather 
patterns and in different species needs more 


Fig. 3. Simulated 8-hour migration trajectories for 100 inert particles and 
100 noctuid moths released from two radar sites in southern England; (A 
and B) Rothamsted, Hertfordshire, on 5 August 2006; (C and D) Chilbolton, 
Hampshire, on 10 August 2006. The coastlines of southern England and 
northern France and lines of latitude and longitude are shown. Different 
colors represent successive 2-hour sections of the trajectory from 20:00 to 


04:00 UT. (Left) Trajectories for inert particles, (right) trajectories for moths. 
(A and B) The considerable effect that moth flight behavior can have on the 
distance covered [250.0 km in (B) compared with 90.3 km in (A), an increase 
of 159.7 km]. (C and D) The effect of flight heading on the direction of the 
trajectory (169.0° in moths compared with 144.8° in particles, i.e., moth 
trajectories were 24.2° closer to the seasonally preferred direction of 180°). 
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study, but our results imply that many insects 
may be capable of moving between winter- and 
summer-breeding sites (~2000 km) in just three 
or four successive 8-hour migratory flights. These 
insect migrants are clearly very successful: We 
estimate that at least 2.3 billion individuals were 
involved in the high-altitude mass migrations 
recorded between 2000 and 2007, with ~1.5 
times as many individuals involved in fall re- 
turn migrations as in spring influxes (SOM text). 
Considering that many migrant insects are im- 
portant agricultural pests and that the frequen- 
cy of insect migration to northern latitudes, 
associated with climate change, is increasing 
(19, 23), our ability to understand and predict 
migration strategies will become progressively 
more important. 
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Conformational Spread as a Mechanism 
for Cooperativity in the Bacterial 


Flagellar Switch 


Fan Bai,”* Richard W. Branch,** Dan V. Nicolau Jr.,"** Teuta Pilizota,”> Bradley C. Steel,” 


Philip K. Maini,*® Richard M. Berry{* 


The bacterial flagellar switch that controls the direction of flagellar rotation during chemotaxis has 
a highly cooperative response. This has previously been understood in terms of the classic 
two-state, concerted model of allosteric regulation. Here, we used high-resolution optical 
microscopy to observe switching of single motors and uncover the stochastic multistate nature of 
the switch. Our observations are in detailed quantitative agreement with a recent general model 
of allosteric cooperativity that exhibits conformational spread—the stochastic growth and 
shrinkage of domains of adjacent subunits sharing a particular conformational state. We expect 
that conformational spread will be important in explaining cooperativity in other large signaling 


complexes. 


are often complexes that change their 

activity in response to binding specific 
ligands. Multisubunit protein complexes often 
show cooperativity, with either binding or activity 
showing a switchlike sigmoidal dependence upon 
ligand concentration. Cooperativity has classically 
been understood in terms of the concerted (/) or 


T= elements of protein signaling networks 
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sequential (2) models of allosteric regulation, 
which describe coupling between ligand binding 
and subunit conformation, and coupling of 
conformations between different subunits. Both 
models have deterministic elements. In the 
concerted model, coupling between subunits is 
absolute: All subunits switch conformation simul- 
taneously. In the sequential model, coupling 
between ligand binding and conformation is 
absolute: When a ligand binds a subunit, that 
subunit switches. More recently, a mathematical 
model of the general allosteric scheme proposed 
by Eigen (3) was constructed in which both types 
of coupling are probabilistic (4, 5). This model 
encompasses the classical mechanisms at its limits 
and introduces the mechanism of conformational 
spread, with domains of a particular conforma- 
tional state growing or shrinking faster than ligand 
binding. Although the classical models have been 
useful in explaining the regulation of numerous 
oligomeric proteins (6, 7), conformational spread 
is a natural extension that will be necessary for 


understanding cooperativity in large multimeric 
protein complexes (4, 8). 

The bacterial switch complex in Escherichia 
coli is a large protein ring that controls the 
direction of rotation of the bacterial flagellar motor 
(9) (Fig. 1A). The switch response shows a steep 
sigmoidal relationship between the concentration 
of the response regulator CheY-P and motor 
rotational bias (the fraction of time spent rotating 
in a given direction), contributing to the remark- 
able gain of the bacterial chemotactic network 
(10, 11). Binding of CheY-P to FliM protein 
subunits of the complex is much less cooperative 
[Hill coefficient <2 (/2, /3)] than the switch 
response [Hill coefficient 10.1 (/0)]. In terms of 
classical allosteric regulation theory, this precludes 
the sequential model and favors the concerted 
model, where the binding cooperativity can be less 
than the response cooperativity (/4). Further 
evidence against the sequential model is that 
flagellar motors can switch at low temperatures 
in the absence of CheY (/5). 

Consistent with the concerted model, the 
flagellar switch has traditionally been understood 
in binary terms, with instantaneous switching 
between stable counterclockwise (CCW) and 
clockwise (CW) rotation (/6—20). However, it is 
difficult to imagine a mechanism for instantaneous 
concerted transitions of such a large complex 
without invoking action at a distance. A confor- 
mational spread model of the flagellar switch has 
been constructed (4) that, in contrast to the two- 
state concerted model, allows for a multistate 
switch (Fig. 1, B to D). The directly observable 
consequence of conformational spread in this 
system is that switch events should be non- 
instantaneous with broadly distributed durations 
due to the biased random walk of conformational 
spread. Additionally, incomplete switches due to 
rapid incomplete growth and shrinkage of 
nucleated domains should be observable as 
transient speed fluctuations in otherwise stable 
rotation. 
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Fig. 1. Structure and conformational spread model of the 
bacterial flagellar switch. (A) Schematic of the £. coli bacterial 
flagellar motor. Indicated are the likely positions of switch 
complex proteins FliG (~26 copies), FliM (~34 copies), and FliN 
(~136 copies) and the torque-generating stator units MotA,MotB, 
(~10 copies, orange) (9). Structural studies indicate that con- 
formational changes in FliM upon binding of the signaling 
molecule CheY-P are coupled indirectly to conformational 
changes in the FliG track, which interfaces with the torque- 
generating units to determine rotation direction (21, 34-36). 
We consider the switch complex to be a ring of 34 identical 
protomers, each consisting of ~1 FliG, 1 FliM, and a tetramer of 
FLiN subunits. Each protomer possesses a single binding site to 
which a CheY-P molecule can be bound (8) or not bound (b) and 
has two conformations, active (A, corresponding to CW rotation) 
or inactive (a, CCW). (B) A free-energy diagram of the four states 
of a protomer and the transitions between them, for the case of 
CW bias = 0.5. For simplicity, we consider the symmetrical case 
where the magnitude of the free-energy difference between 
favored and unfavored states (E,) is the same with or without 
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CheY-P (black circle) bound. (C) Interactions between adjacent protomers 
favor pairs with the same conformation. We assume that the free energy of 
interaction is lower by £) for any like pair compared to any unlike pair, 
independent of CheY-P binding. These interactions add 0, +2E, or —2E, to the 
free energy of a conformational change, depending on the state of adjacent 
protomers. (D) Above a critical value of E, the ring spends the majority of time in 
a coherent state, occasionally stochastically switching between CCW and CW 


Recent technical advances have allowed us to 
observe these signatures of conformational spread. 
We investigated motor switching using back- 
focal-plane interferometry of polystyrene beads 
attached to truncated flagella of E. coli (21-23), 
with ~1° angular resolution and ~1 ms time 
resolution, limited by the mechanical relaxation 
of beads attached by the elastic flagellar hook (22). 
Single motors with a steady bead trajectory were 
recorded for 30 s to minimize photo damage and 
sensitivity to slow fluctuations in bias (24), and 
then were categorized by bias (20, 22). Angles 
and radii of the bead trajectory were obtained by 
fitting an ellipse to the trajectory, and then con- 
verted to instantaneous motor speed (22). 

Median filtered motor speed records show 
complete switching between CW and CCW 
states and incomplete switching to speed levels 
in between (Fig. 2A, left panel). The multistate 
nature of the record renders traditional zero- 
crossing analyses of motor switching (/8, 20) 
inadequate. Instead, we defined complete 
switches by sequential crossing of two thresh- 
olds, set at two-thirds of the mean CW and CCW 
speeds (Fig. 2A, right panel). A typical switch 
event is displayed in detail in Fig. 2B. Filtering, 
which is required to show the CW and CCW 
speeds clearly, extends the apparent duration of 
a switch (Fig. 2B, left panel), but its finite 
duration is evident in the unfiltered data (Fig. 
2B, center and right panels). Switches were 
observed with a broad range of durations 
across the population (Fig. 2, B to D) and 
within each cell record (see fig. S2 for an 
example set). Some switches require more than 
one revolution for completion, and not all 
switches vary in speed monotonically through 
the event. For example, the switch in Fig. 2D 


Fig. 2. Experimental evidence 
of conformational spread. (A) 
(Left) Three seconds of a typical 
motor speed record, median 
filtered (100 points) to reduce 
noise (for the full record, see fig. 
$1). Complete and incomplete 
switches are evident. (Right) 
The motor speed histogram for 
the full 30-s record. Because 
the peak shape is asymmetrically 
affected by incomplete switching, 
Gaussian curves were fitted to 
the outside portion of the histo- 
gram peaks to obtain mean 
speeds Uccw and tcw (22). 
Thresholds for the identification 
of complete switches were set at 
Ocaw = O iccw and aqy = a 
Low, with a = 2/3. (B) (Left) 
Median filtered speed trace 
showing a typical complete 
switch. (Center) The same switch 
shown as unfiltered bead angle 
versus time. Scale bars show 0.5 
revolutions and 10 ms. The 
switch comprises a linear region 
corresponding to smooth CCW 
rotation, followed by a central 
region corresponding to decel- 


eration, reversal, and acceleration in the opposite direction, and finally another linear region corresponding 
to smooth CW rotation. The duration of the switch (20.8 ms, in red) was calculated as the interval during 
which the slope of the angle trace was statistically significantly different from that of the CW and CCW states 
in the whole 30-s motor trace (22). The inset shows the unfiltered bead trajectory (x, y) for the same switch. 
All insets show a range of 400 nm in x and y bead position. (Right) The same data as the inset in (B), center, 
shown as unfiltered bead position versus time (x in blue, y in green, switch in red). Sinusoidal sections of the 
trace correspond to smooth rotation; the sign of the phase shift between x and y indicates the direction of 
rotation. (C to E) Other typical switch events, plotted as in (B). (C) A fast switch of duration 1.4 ms. (D) A slow 
switch of duration 78.4 ms, taking almost one revolution to complete and demonstrating nonmonotonic 
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configurations. Switches typically occur by a single nucleation of a new domain, 
followed by conformational spread of the domain, which follows a biased 
random walk until it either encompasses the entire ring or collapses back to the 
previous coherent state (Movie $1). The model behaves like the classical 
sequential model in the limit of large E, (absolute coupling between binding 
and conformation) and like the classical concerted model in the limit of large E; 
(absolute coupling between subunit conformations). 
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speed variation. (E) An incomplete switch leading to transient reversal of rotation. 
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includes three reversals of direction before 
completion. 

Incomplete switches were present in all records 
of switching cells but absent in a nonswitching 
E. coli strain (fig. $3), excluding the possibility 
that these events were artifacts of the rotation 
assay. A typical incomplete switch in the me- 
dian filtered speed record is shown in detail in 
Fig. 2E. Incomplete switches to a variety of speed 
levels are observed, including levels that result 
in transient reversal of rotation. The histogram 
of speeds (Fig. 2A, right panel) for any given 
record does not clearly identify preferred speed 
levels, such as stops, during incomplete switch 
events. However, incomplete switches may explain 
“pauses” observed previously in measurements 
with lower angular and time resolution (25). 

Independent evidence for multistate behavior 
was obtained using an optical trap (26) to stall 
pairs of 0.5-um beads attached to switching 
motors. Bead pairs rotated through ~90° in a fixed 
optical trap when the direction of motor torque 
reversed. Complete switches of finite duration and 
incomplete switching were observed (fig. S4), as 
with the rotating beads. 

We used Monte Carlo simulations (22) of the 
conformational spread model of the bacterial 


Fig. 3. Simulation of the 
conformational spread model. ' 


flagellar switch for comparison to our experi- 
mental results. The kinetic parameters (Fig. 3, 
legend) were fixed to the values w, = 10 s | and 
©, = 10* s!, following previous studies (4, 12), 
whereas the thermodynamic parameters E, and 
E, (Fig. 1) were chosen to match the mean 
experimental values at CW bias 0.5 of complete 
switch durations and of intervals between 
complete switches (22). The simulated CheY-P 
concentration was varied to obtain the desired 
bias in each simulation. To allow direct compar- 
ison between the conformational spread model 
and experimental data, we assumed a linear 
dependence of motor speed on the number of 
active protomers in the ring. This assumption is 
based on the motor containing a large number of 
independent units (27), each of which generates 
constant torque in a direction specified by the 
state of the nearest rotor protomer (Fig. 1). A 
Langevin simulation modeled the viscous load of 
the bead connected to the motor by a flexible 
tether, thereby converting simulated activity on 
the ring (Fig. 3A) into rotation angle of the bead 
(Fig. 3B) (22). Simulated records (Fig. 3) are 
qualitatively indistinguishable from experimental 
records (Fig. 2) and were analyzed using 
identical methods. Figure 3 shows fast (C) and 
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We calculated rate constants z 0 
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transition from state i to state 
J, AG, includes the effects of 
binding energy (Fig. 1B) and 
interactions (Fig. 1C). A more 
general description of the 
parameters of the conforma- 


tional spread model is given in 100 
(22). (A) (Left) Three seconds of 


a typical unfiltered simulation E 0. 
record of the conformational a 
spread model, showing the num- ~100. 
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ber of active protomers in the 


ring (blue) andthe number of CheY-P molecules bound (green). (Right) Activity and binding histograms for the 
full 30 s record. (B) (Left) The corresponding simulated speed record for direct comparison to experimental 
data, median filtered (100 points), and including the effect of the bead linkage as described (for the full 
record, see fig. $5). (Right) The simulated speed histogram for the full 30-s record. (C to E). Typical fast (1.7 ms) 
(O, slow (32.5 ms) (D), and incomplete (E) simulated switch events, displayed as in Fig. 2, B to E, except that the 
right-hand column shows the number of active protomers (blue) and bound CheY-P molecules (green) in the 
simulation. Simulated records show the same behavior as experimental data. 
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slow (D) complete switches and incomplete 
switches (E) for comparison to Fig. 2, C to E. 

We made a detailed quantitative comparison 
between the experimental data and the predic- 
tions of the conformational spread model. To 
exclude possible artifacts due to the rotation 
assay, we analyzed only cell records, switches, 
and intervals between switches that satisfied strict 
sets of criteria (22). Figure 4A shows switch 
duration distributions for experimental (blue) 
and simulated (red) data. The distributions are 
indistinguishable, each with a peak at ~8 ms 
and a standard deviation of ~15 ms, in addition to 
the fitted mean of ~20 ms. The shortest switches 
last less than 2 ms, whereas the longest last more 
than 100 ms. Switch durations are not correlated 
with position of the event in the orbit (22), and 
distributions for subsets of the data sorted 
according to motor bias and switch direction 
showed no clear dependence on either (Fig. 4A, 
inset). The distribution of durations cannot be 
explained as an artifact of elasticity in the hook- 
bead system: Using the largest published exper- 
imental estimate of hook compliance (28), the 
simulated hook-bead response time for a 0.5-um 
diameter bead is approximately 0.7 ms (22). 
Additionally, we performed experiments and 
simulations using 0.35-m diameter beads. The 
underlying switch duration distribution, obtained 
by deconvolution of the experimental distribution 
and the simulated hook-bead response time 
distribution, was independent of bead size (22). 

We also compared the distribution of intervals 
between complete switches. Complete switches 
were detected using the dual-threshold scheme of 
Fig. 2A (22), allowing intervals to be defined 
without sensitivity to incomplete switches that 
might otherwise skew the distributions toward a 
shorter time scale. Figure 4B (top) shows interval 
distributions at three different values of bias, to 
compare switching kinetics at different CheY-P 
concentrations (20) (see fig. S6 for other biases). 
Both experimental (blue) and simulated (red) in- 
tervals are exponentially distributed in the mea- 
sured range (up to ~10 s) with bias-dependent 
mean interval lengths (Fig. 4B, bottom). Mean 
interval lengths are robust to at least +20% var- 
iations in threshold and median filter level (fig. 
87). Analysis of the protomer states underlying 
the simulation does not change the distribu- 
tions, indicating that missed events are not im- 
portant in our analyses (22) and that incomplete 
switches are not artifacts of unresolved fast pairs 
of complete switches. Our results are in contrast to 
a recent study that measured gamma-distributed 
intervals (20). It is possible that gamma distribu- 
tions were an artifact of attaching beads to long 
filaments (29). Alternatively, switching kinetics 
may have been different because of the perma- 
nently active CheY mutant used. 

We quantified incomplete switching as a 
further independent test of agreement between 
data and the conformational spread model. An 
incomplete switch in a CCW interval was defined 
by a downward crossing of the threshold Becw = 
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B * Uccw in the median-filtered speed record 
(22), followed by an upward crossing of the 
threshold accw. Incomplete switches in CW 
episodes were defined similarly. The intervals 
between incomplete switches were exponentially 
distributed in both experimental and simulated 
data for B = 1/3 (Fig. 4C, top). The mean interval 
between incomplete switches from the CCW 
(CW) state increased with CCW (CW) bias 
(Fig. 4C, bottom), with broad agreement between 


experimental and simulated data. The number of 
incomplete switches detected clearly depends on 
the parameter §. The mean interval length for the 
largest data bin (CW bias 0.2) decreased linearly 
with B in both experiment and simulation, 
becoming identical to the mean interval length 
between complete switches as 8 —> —2/3 (Fig. 4C, 
bottom, inset). For these values of B, intervals 
remained exponentially distributed (fig. $9). No 
attempt was made to adjust the model parameters 


to fit the experimental data on incomplete 
switches: The agreement may improve upon an 
exhaustive search of the model’s parameter space. 

Bacterial flagellar switching has classically 
been understood in terms of the two-state 
concerted allosteric model (/6). A recent study 
used the conformational spread model to explain 
the dependence of switching rates on load (30). 
We have observed multistate switching, which is 
the signature of conformational spread. Switch 


events are not instantaneous but show a broadly 
distributed duration, and incomplete switching is 
prevalent. Exponentially distributed intervals 
between complete switches demonstrate that 
switching approximates a two-state Poisson 
process at lower time resolution, despite the 
underlying multistate nature of the switch, in 
agreement with early two-state phenomeno- 
logical models (/8, 79). Conformational spread 
is able to reproduce these observations with 
remarkable quantitative agreement, despite the 
very limited search of the model parameter space 
and using only data collected at neutral bias to 
guide this search. As a final comparison, we 
constructed a Hill plot (Fig. 4D) to confirm the 
sensitivity of the simulated switch. The model 
accurately reproduces previously measured val- 
ues of the binding (/2, 73) and switching (/0) 

cooperativity, with Hill coefficients 3.5 and 9.4, 

respectively. Taken together, this is compelling 

evidence that the conformational spread model 
accurately represents the flagellar switch. 

0 Recent advances in resolving the functional 
states of a number of other proteins have 
necessitated extensions of the classical models of 

1 allostery, even to describe relatively small protein 

complexes (37, 32). Modern theoretical treatments 
of allosteric regulation indicate that the conforma- 
tional heterogeneity that results from stochastic 

Fy coupling, both between different subunits and 

4 between binding and conformation, may be a 

} selectable trait (33). With the classical models 

encompassed at the parameter space limits of the 

conformational spread model, which can be 

extended to geometries other than a ring (4, 8), 

we expect the model to be generally useful in 

understanding protein cooperativity and signal 
regulation. 
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Fig. 4. Quantitative analysis of experimental and simulated switching. Experimental data are in blue, 
simulation data are in red. CW data are represented by dark circles, CCW data by light squares. Error bars 
are 99% confidence intervals unless stated otherwise. (A) Switch duration distributions for all complete 
switches analyzed. (Inset) Mean and variance of switch durations for CW-to-CCW (light-colored data 
points) and CCW-to-CW (dark-colored data points) switches for different ranges of CW bias (low = 0 to 1/3, 
2459 switches; middle = 1/3 to 2/3, 521 switches; high = 2/3 to 1, 599 switches). (B) (Top) Distributions of 2 
intervals between complete switches at a range of CW bias values (0.2 + 0.05, 0.5 + 0.05, 0.8 + 0.05, top 

to bottom). Lines are exponential maximum likelihood fits applied to full data sets. (Bottom) Mean 3. 
interval lengths obtained from the fits in (B), top. (C) Equivalent analysis as presented in (B), but for 4. 
distributions of intervals between incomplete switches with B = 1/3. Data sets across the full bias range are 
shown in fig. $8. (Inset) Linear variation of mean interval lengths with 8, using the CW bias bin with the 
largest amount of data (0.2 + 0.05). Also plotted are the mean complete switch interval lengths from (B), 6 
equivalent to an analysis with § = —2/3. (D) Simulated bias (black diamonds) and fraction of protomers 

with CheY-P bound (gray diamonds) versus CheY-P concentration parameter (c/co.s). A Hill fit (not shown) 7. 
to the simulated bias gave a Hill coefficient of 9.4, but the bias is also well fit (black line) using a Hill 
coefficient of 10.1 as experimentally determined previously (20). The simulated binding curve is bounded 53 (2004), 

by the single-site Michaelis Menten dissociation curves for inactive (lower gray curve) and active 9. Y. Sowa, R. M. Berry, Q. Rev. Biophys. 41, 103 (2008). 
protomers (upper gray curve), as expected from the model. Error bars showing standard errors of the — 19. p. cluzel, M. Surette, S. Leibler, Science 287, 1652 (2000). 
mean are smaller than the symbols. 11. D. Bray, Proc. Natl. Acad. Sci. U.S.A. 99, 7 (2002). 
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Cryo-EM Model of the Bullet-Shaped 
Vesicular Stomatitis Virus 


Peng Ge,”’”’?* Jun Tsao,> Stan Schein,”’® Todd J. Green,> Ming Luo,® Z. Hong Zhou*?34* 


Vesicular stomatitis virus (VSV) is a bullet-shaped rhabdovirus and a model system of 
negative-strand RNA viruses. Through direct visualization by means of cryo—electron microscopy, 
we show that each virion contains two nested, left-handed helices: an outer helix of matrix 
protein M and an inner helix of nucleoprotein N and RNA. M has a hub domain with 

four contact sites that link to neighboring M and N subunits, providing rigidity by clamping 
adjacent turns of the nucleocapsid. Side-by-side interactions between neighboring N subunits are 
critical for the nucleocapsid to form a bullet shape, and structure-based mutagenesis results 
support this description. Together, our data suggest a mechanism of VSV assembly in which the 
nucleocapsid spirals from the tip to become the helical trunk, both subsequently framed and 


rigidified by the M layer. 


esicular stomatitis virus (VSV) is an en- 
\ / veloped, bullet-shaped, non-segmented, 
negative-strand RNA virus (NSRV) be- 
longing to the rhabdovirus family, which includes 
the rabies virus. Because some attenuated VSV 
strains are nontoxic to normal tissue, VSV has 
therapeutic potential as an anticancer agent and 
vaccine vector (/, 2). Furthermore, pseudotypes 
of VSV carrying receptors for HIV proteins can 
selectively target and kill HIV-1—infected cells 
and control HIV-1 infection (3, 4). 
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Whereas many other NSRVs are pleomorphic, 
VSV has a rigid “bullet” shape. Attempts to 
visualize its organization by means of negatively 
stained electron microscopy (EM) have resulted 
in limited two-dimensional (2D) pictures: The 
virion has a lipid envelope (decorated with G 
spikes) that encloses a nucleocapsid composed of 
RNA plus nucleoprotein N and an associated 
matrix formed by M proteins. In recent years, 
crystal structures of components of VSV have 
been determined: the C-terminal core domain 
Mecrp of the matrix protein (M) (5, 6), the 
nucleoprotein (N) (7), the partial structure of 
phosphoprotein (P) (8), the complex of N with the 
C-terminal of P (9), and the two forms of the 
ectodomain of the glycoprotein (G) (/0, 11). 
The large polymerase (L) still awaits structure 
determination. However, how these proteins as- 
semble into the characteristic rigid bullet-shaped 
virion has not been clear. Here, we report the 3D 
structure of the helical portion (the “trunk”) of 
the VSV virion as determined by means of cryo- 
electron microscopy (cryo-EM) as well as a study 
of the bullet-shaped tip from an integrated image- 


processing approach. This analysis leads us to 
propose a model for assembly of the virus with its 
origin at the bullet tip. 

Cryo-EM images of purified VSV virions 
show intact bullet-shaped particles almost devoid 
of truncated or defective interference particles 
(Fig. 1A). The reconstructed map of the virion 
trunk (Fig. 1B and movies S1 and S2) has an 
effective resolution of 10.6 A based on the 0.5 
Fourier shell correlation coefficient criterion (fig. 
S2). We were able to dock crystal structures of 
the C-terminal domain of M [Protein Data Bank 
(PDB)1LG7 or 2W2R] (5, 6) and all of N (PDB 
2GIC) (7) into our cryo-EM density map. The 
matching of several high-density regions in the 
cryo-EM map with a helices in the docked 
atomic models (Fig. 2A, M, and Fig. 3A, N) 
supports the validity of the cryo-EM map. These 
dockings also establish the chirality of the 
structure. 

When reconstructed with a helical symmetry 
imposed (12), the 3D map includes an outermost 
lipid bilayer, a middle layer composed of a helix- 
based mesh of M, and an innermost condensed 
nucleocapsid composed of a helically organized 
string of N subunits and RNA (Fig. 1, B and C, 
and fig. $3). [The M (Fig. 2A) and N (Fig. 3A) 
layers were identified on the basis of their close 
match with their crystal structures of M (5, 6) and 
N (7).] Each of the N and M layers consists of a 
single helix (1-start helix). Although the interior 
of the nucleocapsid contains a denser region than 
background, no density was found that was rea- 
sonably attributable to individual P or L subunits, 
suggesting that those are organized in a lower- 
symmetric or asymmetric fashion [supporting 
online material (SOM) text]. A layer of density 
outside the membrane may be identified as G 
protein (fig. S1) because the G protein is the only 
envelope protein in VSV. However, individual G 
spikes cannot be resolved in this layer, possibly 
because of flexibly attached ectodomains or in- 
consistent symmetry, and this layer of density 
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was subsequently removed from the 3D recon- 
structions (12). 

The outer diameter of the outer leaflet of the 
lipid bilayer is 700 A. The exact length of the 
virion varies at 1960 + 80 A. The conical end 
comprises ~25% of the total length, and the 
cylindrical (helical) trunk comprises ~75%. The 
conical end contains approximately seven turns 
of a spiral before reaching a cylindrical (helical) 
trunk. The trunk of a typical virion contains ~29 
tums. Each turn contains exactly 37.5 asymmet- 
ric units and rises 50.8 A along the helical axis; 
two turns form a helical repeat (Fig. 1C). This 


Fig. 1. Cryo-EM of VSV 
virion and 3D reconstruc- 
tion of its helical trunk. 
(A) A typical cryo-EM mi- 
crograph of VSV virions 
at 98,000x magnifica- 
tion. The trunk portion 
is marked by the boxes. 
(Inset) Incoherent aver- 
age of Fourier transforms 
of all raw images show- 
ing the layer lines. (B) 
Density map of the viri- 
on trunk. To enhance vi- 
sual clarity and to show 
the interior, we compu- 
tationally removed four 
turns of M, part of the 
membrane bilayer, in- 
complete subunits, and 
a 30° wedge. Nucleo- 
capsid N and matrix M 
layers were displayed at 
a threshold of 1.15 o 
above the mean; enve- 
lope densities were dis- 
played at a threshold of 
0.1 o above the mean. 
(© A complete repeat of 
the N and M helices, fea- 
turing 75 helical asym- 
metric units in two turns. 
(D) The central, vertical 
stice (17.3 A thick) in the 
density map. (E) A radi- 


ally color-coded surface representation of a central slab (23 A thick). 1 and 2 
indicate the outer and inner leaflets of the phospholipid bilayer envelope, 
respectively; t indicates the putative cytoplasmic tail of G; M is the matrix 
protein; N is the nucleoprotein. (Inset) Maps in all panels are colored accord- 


value, 37.5, is very close to that estimated previ- 
ously from scanning transmission EM [38 subunits 
per turn (/3)] and from the N crystal structure [38.5 
subunits per turn (7)]. Below, we also suggest 
that this value is consistent with geometric 
constraints on placement of G-trimers. 

Docking of the crystal structure of N and 
RNA into the cryo-EM structure of the nucleo- 
capsid also allows us to establish the directionality 
of viral RNA (vRNA) in the virion. The docked 
crystal structure shows that the 5’ end is at the 
conical tip of the bullet and the 3’ end is at the 
base of the trunk. We therefore follow this con- 


| 


vention: The bullet tip defines the origin, and the 
helical trunk is “downward” from the origin. 
Arrows in Figs. 1 to 4 follow this convention. 
The full-length M protein in the cryo-EM 
structure of the virion trunk has two domains. 
The C-terminal domain (Mcrp) was solved by 
means of x-ray crystallography (6), and we 
show the crystal structure fitted as ribbons in 
Fig. 2A. (The cross-correlation coefficient be- 
tween the cryo-EM map and the fitted Merp 
structure blurred to 11 A is 0.63.) The a helices 
of the Mcrp crystal structure colocalize with the 
highest-density regions in the cryo-EM map. 


Intl 
Im! Il 


ing to radial distance as depicted in the scale bar. N,red to green; M,light blue 
to blue; envelope membrane, purple to pink. In this and Figs. 2 to 4, the arrow 
in every panel denotes the directionality (tip to trunk) of virions along the axis 


of the helix or of parts as they would be in the virion. 


Fig. 2. In situ structure of the full-length M matrix protein. (A) Fit of 
the crystal structure (ribbon) of the C-terminal core domain Mqp 
(right) of M into the corresponding density map (mesh, contoured at 
1.15 o above the mean), taken from the cryo-EM map. The c: helices 
are shown in red and § sheets are in purple. The numbered yellow 
spheres in the left part of the density map mark the positions of the 
four contact points on the M-hub domain. The highest density 
regions of the cryo-EM density are shown as gray-shaded surfaces by 
contouring at 3.0 c above the mean. (B) (Left) Four adjacent M (light 
blue) with two N (green) subunits in the neighborhood of one M with 
its M-hub in yellow. The contact points on the M-hub that mediate 
interactions with Mand N are labeled 1 to 4. The volume is contoured 


axis of helix 


at 1.0 o. (Right) By turning the left panel 80° around the vertical axis and removing the frontal M subunit, the interaction between N and M is illustrated. 
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The N-terminal domain (M-hub), which was not 
resolved in the crystal structures (5, 6), points 
toward the N layer (SOM text and fig. S5). The 
volume of the M-hub is consistent with its 
amino acid sequence length of 57 residues. 
The M-hub contains four contact sites (Fig. 2, 
A and B, labeled 1 to 4, and Fig. 2B, yellow). 


dual vertical interactions set the M helix in an 
interleaved position between N helix turns and 
should provide stability and rigidity for the nucleo- 
capsid as well as the M helix in the virion. These 
observations are consistent with results from mu- 
tagenesis, which show that amino acids 4 to 21 
(in the M-hub) are important for nucleocapsid 


binding and viral assembly (/4). 

M-hub contact point 3 binds laterally to Mctp 
of the trailing M subunit from the same helical turn, 
whereas contact point 4 binds to the tip of the 
Merp domain of the M subunit from an upper 
helical turn. The binding of M-hub contact point 4 


M-hub contact point 1 connects the M-hub to an 
N subunit from the upper helical turn, whereas 
M-hub contact point 2 connects the M-hub to an 
N subunit from the lower helical turn. (By our 
convention, “upper” and “lower” indicate toward 
and away from the conical tip, respectively.) These 
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Fig. 3. Formation of the bullet tip of VSV virion by the nucleocapsid (N) ribbon. (A) Fitting of the 
crystal structure (7) of nucleoprotein (N) (yellow ribbon) and RNA (blue ribbon) into the cryo-EM density 
map (semitransparent green, displayed at a threshold of 1.5 o above the mean) from the VSV virion 
trunk. The helical axis in this panel points toward the reader. The purple wire frames represents the 
highest-density regions of the cryo-EM structure (threshold of 3.5 o above the mean), which colocalize 
with a helices and the vRNA of the crystal structure. (Insets) Along the upper part of the interface 
between adjacent C lobes in the decamer, there are six hydrogen bonds (including R309 to E419) and 
one (1237:Y324) hydrophobic interaction (top right inset). After flexible docking of the atomic structure 
from the decamer into the cryo-EM density map of the trunk, distances between amino acid partners in 
these seven sites increase by ~9 A, disrupting these interactions. (B) Comparison of the inclination of N 
subunits (green) in our cryo-EM structure from the trunk of the virion (37.5 subunits/turn) with the 
inclination of the N subunits (red) in the crystal structure from the decamer ring (10 subunits/turn) (7). 
(Top) Dashed lines through a side view of an N subunit from the trunk (left) and with an N subunit from 
the decamer (right) show the difference in tilt, the angle up from the horizontal plane. (Bottom) Dashed 
lines through end-on views of N subunits show the difference in dihedral angle between adjacent N 
subunits in the trunk (green) and in the decamer ring (red). (C) A representative class-average of the 
virion tip from 75 individual images. Numbers inside the nucleocapsid designate the order of N 
subunits in the nucleocapsid ribbon, which may be traced by following the path 1 > 1a > 2 > 2a, etc. (D) 
Negative-stain EM images of the wild-type decamer and two mutant rings confirm the importance of 
two of the interactions specified above. Both mutants produce rings larger than a decamer. (E) An 
illustration of a plausible process by which the nucleocapsid ribbon generates the virion head, starting 
with its bullet tip. The curling of the nucleocapsid ribbon generates a decamer-like turn at the 
beginning, similar to the crystal structure. When assembly nearly completes this turn, continuation of 
vRNA requires that the ribbon form a larger turn below it, similar to that in the mutants in (D). As the 
spiral enlarges and progresses to the helical trunk, the tilt of individual N subunits decreases. When it 
reaches the seventh turn, the nucleocapsid ribbon becomes helical (insets), in which each new turn of 
the nucleocapsid fits naturally under the preceding turn (insets). 
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sets the vertical spacing of adjacent turns of the M 
helix and by extension that of the N helix. It can be 
regarded as a “frame” that holds the N helix. It also 
leads to the formation of the 2D triangularly 
packed array (or “‘mesh’’) within the outer (M) helix. 

The protein-protein interactions revealed in 
our structure agree well with previous studies. 
For example, the surface of Mcrp complemen- 
tary to contact point 4 includes amino acids 120 
to 128 (Fig. 2A, light blue arrow). Proteolytical- 
ly opening this segment disrupts interactions be- 
tween trypsin-cleaved M (M') and full-length M 
(5, 15, 16). Also, in a recent structural study of 
full-length M most of the M-hub is disordered 
and therefore poorly resolved, but M-hub contact 
point 4 (amino acids 41 to 52) along with its bind- 
ing partner (Mcrp residues 120 to 128) are well 
resolved (6), which is consistent with our finding 
that M-hub contact point 4 and the loop partici- 
pate in binding. In addition, the self-association 
of M appears to follow nucleated polymerization, 
the “nucleus” consisting of three to four M sub- 
units (/7). Here, we suggest that these subunits 
join with each other at contact site 3. 

N subunits encapsidate and sequester the 
genomic vRNA and form a higher-order linear 
structure in the shape of a ribbon through 
intermolecular interactions (fig. $3) (78). In our 
cryo-EM structure, the nucleocapsid is present as 
a helical tube with an inner radius of 154 A and 
an outer radius of 225 A (fig. $3). Individual N 
proteins within the helically coiled ribbon 
(Fig. 3B, green subunits) tilt upward by 27° from 
the horizontal plane (the plane perpendicular to 
the helical axis). Constrained by the 752 screw 
axis, one N subunit sits below and exactly in the 
gap between two other subunits from the turn 
above it (Fig. 1B and fig. S3). As seen from the 
volume representation (fig. S3), the turns of N 
are not densely packed against one another in 
the vertical direction. Thus, in the absence of 
the overlying M helix, the formation of a rigid 
nucleocapsid core would be impossible. 

The crystal structure of an individual N 
subunit and its associated RNA has been solved 
for a ring of 10 N subunits: a “decamer ring” (7). 
This crystal structure can be unambiguously fitted 
into our cryo-EM density map. (The cross- 
correlation coefficient between the cryo-EM map 
and the final fitted N structure blurred to 11 A is 
0.70.) Each N subunit can be divided into an 
N-terminal lobe (Fig. 3A, top, N lobe) and a 
C-terminal lobe (Fig. 3A, bottom, C lobe) (movie 
$3). The N lobe points radially away from the 
helix axis and interacts with M proteins at its 
outer surface (Fig. 3A, top). As revealed in the 
crystal structure of the N decamer ring, RNA 
threads in a groove between the N lobe and the C 
lobe (Fig. 3A and movie $3). The density that 
connects adjacent N lobes is their bound vRNA. 
The cryo-EM structure of the C lobe in the trunk 
also agrees well with its crystal structure in the 
decamer. It has a more globular shape than the N 
lobe and faces the inner cavity (Fig. 3A, 
downward). In contrast to N lobes, C lobes bind 


www.sciencemag.org SCIENCE VOL 327 5 FEBRUARY 2010 


REPORTS 


to one another and therefore establish the lateral 
interactions in the inner (N) helix. 

All rhabdoviruses have a bullet-shaped archi- 
tecture. The 2D classification of cryo-EM images 
of bullet tips shows that these conical parts are 
identical among images (Fig. 3C and fig. S1). In 
all class averages, the nucleocapsid begins with 
fewer subunits per turn at the tip, progressing 
downward to the helical form in approximately 
seven turns. How does the nucleocapsid com- 
plete this structural arrangement? When the N 
crystal structure of the decamer ring is fitted into 
the trunk portion of a virion with 37.5 subunits 
per turn, the interface between the C lobes of 
adjacent N subunits must open markedly be- 
cause of the larger dihedral angle between ad- 
jacent N subunits (Fig. 3B, bottom left versus 
bottom right). As a result, the six hydrogen bonds 
(including Glu419/Arg309) and the one hydro- 
phobic interaction (Tyr324 to a pocket composed 
of Ile237 and part of Arg309) observed in the 
decamer are pulled apart by ~9 A in the trunk 
portion of the virion (Fig. 3A, insets). These 
seven interactions might be used to achieve dif- 
ferent energy modes for the formation of N rings 
of different sizes. Our mutagenesis studies sup- 
port this hypothesis: Mutating either Arg309 or 
Tyr324 to Ala results in a preference for rings 
larger than the decamer observed in the wild type 
(Fig. 3D, table $1, and SOM text). 

We propose that assembly starts at the apex 
of the virion tip, which is consistent with earlier 
suggestions (19). The nucleocapsid forms the 
sharp tip by using the first mode, as found in the 


A 


decamer ring. Indeed, as shown in the 2D class 
averages, the first turn of the nucleocapsid 
matches the shape and size of projection images 
of the decamer ring (Fig. 3C and fig. S1). As it 
finishes one turn, the continuation of the VRNA 
strand forces the nucleocapsid from the first 
mode to one with a larger diameter, fewer 
interactions, and higher free energy. Indeed, 
mutating R309 or Y324 to alanine (artificially 
breaking one of the above seven interactions) 
appears to reduce the probability of the smallest 
ring size and promote the formation of larger 
rings (Fig. 3D). At the same time, stacking the 
second turn of the nucleocapsid onto the 
preceding turn permits binding of M. [Our 2D 
class averages of the base region of the virion 
show that the lowest tum of M lies between the 
lowest two turns of N (Fig. 4A, inset), suggest- 
ing that each M subunit must bind simultaneously 
to two N subunits.] A similar scenario continues 
until the nucleocapsid reaches its last mode, the 
mode that can repeat helically and contains a 
constant number of 37.5 subunits per turn in the 
trunk. This mode in turn might be stabilized by 
new interactions. 

The M helix forms a triangularly packed lattice 
of M subunits (Figs. 1B and 4A). Next to the outer 
surface of the M helix, envelope membrane density 
intrudes inward at sites centered on each M 
subunit. There, a thin linker density runs from the 
membrane to contact an M subunit (Fig. 4B). This 
density is probably the cytoplasmic tail of a G 
protein, which is known to interact with M and is 
critical for budding (20, 27). Presumably, the G 


Fig. 4. Architecture of the VSV virion. (A) Representative 2D averages of conical tip, trunk, and base of 
VSV and a montage model of the tip and the cryo-EM map of the trunk. N is green, M is blue, and the 
inner (2) and outer (1) leaflets of the membrane are purple and pink, respectively. (Inset) Illustration of 
the base region of the VSV virion. The “X” marks the absence of a turn of M helix below the lowest turn 
of the N helix. (B) Cryo-EM structure showing the putative cytoplasmic tail of G protein binding to an M 
subunit through a thin linker. The inner leaflet (2) of the membrane has unusual bumps (arrowhead) 
that meet M at the site of a thin linker density (arrow). (C) A wedge of the virion trunk, illustrating its 
geometric arrangement across the three layers. The N layer, the M layer, and the two membrane leaflets 
(1 and 2) are arranged in coaxial cylinders with their radii determined from our cryo-EM structure. 
Because of the difference in radii, the helical lattice points on the three layers form different triangles. 
The smaller the radius, the narrower the apex angle (inset). At the outer surface of the membrane, the 


lattice points form an equilateral triangle. 


protein trimer binds three underlying M simulta- 
neously (SOM text). If the trimer has threefold 
symmetry, the binding slots for G on the outside of 
the envelope membrane need to be an equilateral 
triangle. Indeed, we find that these sides are 58.6, 
59.2, and 58.0 A at the outer surface of the 
membrane. This geometric arrangement requires 
that the lateral spacing of M and N subunits within 
the M and N helices, each with progressively 
smaller diameters from G to M to N layers, be 
smaller and smaller. Our measurement of apex 
angles confirms that requirement (Fig. 4C). Given 
the base and height dimensions, the radial spans 
of N and M proteins, and the 27° tilt from the 
horizontal plane, these apex angles are satisfied 
only with 37.5 subunits per turn. 

Assembly of a virus particle is generally 
presumed to be a stochastic process. However, 
assembly of VSV appears to follow a well- 
orchestrated program. It begins with RNA and 
N as a nucleocapsid ribbon (Fig. 3E). The rib- 
bon curls into a tight ring and then is physically 
forced to curl into larger rings that eventually 
tile the helical trunk (Fig. 3E). M subunits bind 
on the outside of the nucleocapsid, rigidify the 
bullet tip and then the trunk, and create a tri- 
angularly packed platform for binding G trimers 
and envelope membrane, all in a coherent op- 
eration during budding. 
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Abundance of Ribosomal RNA Gene 
Copies Maintains Genome Integrity 


Satoru Ide,* Takaaki Miyazaki," Hisaji Maki,? Takehiko Kobayashi?** 


The ribosomal RNA (rDNA) gene repeats are essential housekeeping genes found in all organisms. 
A gene amplification system maintains large cluster(s) of tandemly repeated copies in the 
chromosome, with each species having a specific number of copies. Yeast has many untranscribed 
rDNA copies (extra copies), and we found that when they are lost, the cells become sensitive to 
DNA damage induced by mutagens. We show that this sensitivity is dependent on rDNA 
transcriptional activity, which interferes with cohesion between rDNA loci of sister chromatids. The 
extra rDNA copies facilitate condensin association and sister-chromatid cohesion, thereby 
facilitating recombinational repair. These results suggest that high concentrations of heavily 
transcribed genes are toxic to the cells, and therefore amplified genes, such as rDNA, have evolved. 


or genes that encode RNA products, such as 
tRNA and rRNA, an increase in expression 
cannot be facilitated by a translation 
amplification step. Thus, cells will often have 
multiple copies of such genes. This is especially 
true for the ribosomal RNA (rDNA) genes, as the 
product, ribosomal RNA, accounts for ~60% of 
total RNA in the cell. rDNA exists in high copy 
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Fig. 1. Low-rDNA-copy strains 
are sensitive to DNA damage 
by MMS and UV. (A) Detection 
of the length of chr XII in 
different rDNA copy number 
strains by CHEF. The left panel 
shows the ethidium bromide 
(EtBr)—stained chromosome 
profile, and the right panel is 
hybridization with chr XII 
probe. Positions of chr XII 
and approximate rDNA copy : 
numbers are indicated. (B) i 
Spot test for DNA damage 
sensitivity of yeast cells with 
different rDNA copy numbers. 
YPD, yeast extract, peptone, 
and dextrose. 


EtBr 


number in most eukaryotic cells (fig. $1). The 
yeast Saccharomyces cerevisiae has ~150 rDNA 
copies per haploid on chromosome XII (chr XII) 
in a tandem array (fig. S2A) (/). Repetitive genes 
tend to lose copies through homologous recombi- 
nation among the repeats. The rDNA has a gene 
amplification system, thought to be present in 
most eukaryotes, that functions to keep high copy 
numbers. When copy number is reduced by re- 
combination, DNA double-strand breaks (DSBs) 
are induced at the replication fork blocking (RFB) 
site and repaired by unequal sister-chromatid 
recombination, which increases (DNA copy num- 
ber by rereplication of some repeats (fig. S2B) 
(2). Despite this highly regulated amplification 
system, about half the copies are not transcribed 
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in yeast, and some plants have several thousands 
of rDNA copies that are likely not transcribed. 
We investigated the function of these extra copies 
in yeast. 

We created four isogenic strains with different 
rDNA copy numbers (20, 40, 80, and 110 copies) 
(Fig. 1A and fig. S3). These low-copy-number 
strains showed normal expression levels of (RNA 
and grew normally in various media (fig. S4A). 
It was reported that in the 40-copy strain, most 
rDNA copies are transcribed and the polymerase 
density on each gene increases (3). We confirmed 
that the ratio of actively transcribed rDNA genes 
increases when the copy number reduces (fig. 
S4B). We found that strains with fewer rDNA 
copies are more sensitive to DNA damaging 
agents such as methyl methanesulfonate (MMS) 
and ultraviolet (UV) radiation (Fig. 1B). To study 
the basis of this sensitivity, we used the 20- and 
110-copy strains to represent low and wild-type 
copy number conditions, respectively. 

We examined whether the up-regulation of 
rDNA transcription affects DNA damage sensitiv- 
ity in the low-copy strain. We blocked rDNA tran- 
scription by knocking out the genes for Rpal35p, 
which is the RNA polymerase I (pol I) subunit, 
and Rrn3p, which recruits RNA pol I to the 35S 
tRNA gene promoter. Both strains (110- and 20- 
copy) showed similar levels of MMS sensitivity 
(Fig. 2A), indicating that sensitivity of the low- 
1rDNA-copy strain to MMS is dependent on pol I 
transcription. 

We found no reduction in total RNA pro- 
duction in the 20-copy strain compared with the 
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110-copy strain, even after treatment with MMS 
(fig. S4C). Because total RNA is mostly com- 
posed of rRNA, this suggests that pol I transcrip- 
tion is unaffected by the damaged template in the 
20-copy strain. Alternatively, heavy rDNA tran- 
scription in the 20-copy strain may prevent MMS- 
induced DNA lesions from being repaired, such 
that when replication forks encounter these DNA 
lesions, they stall and collapse. To investigate this 
possibility, we monitored DNA replication fork 
status in S-phase cells using two-dimensional (2D) 
gel electrophoresis (4, 5). Cells were synchro- 
nized in G1 phase by o factor and released into 
MMS-containing medium. In both the 110- and 
20-copy strains, the Y-are signal that corresponds 


A 


rpa135 YPGal 


to Y-shaped replication intermediates appears after 
30 min (Fig. 2B) and then declines in both strains. 
In contrast, the spike signal that corresponds to 
X-shaped recombination intermediates (Holliday 
structure) increases and remains present through 
S phase in the 20-copy strain but does not change 
in the 110-copy strain (Fig. 2, B and C). The 
accumulation of recombination intermediates in 
the low-copy strain was only observed in MMS- 
containing medium (fig. SSA), which suggests 
that MMS-induced DNA damage triggers in- 
creased recombination in the low-copy strain. 
We investigated the replication status of the 
rDNA array using contour-clamped homoge- 
neous electric field gel electrophoresis (CHEF) 
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(6) (Fig. 2, D and E). In the 110-copy strain, as 
the cells synchronously progressed through S 
phase, increasing quantities of chr XII bearing the 
rDNA remained in the well due to the presence of 
unresolved replication intermediates. Upon com- 
pletion of replication, chr XII molecules were 
once again able to enter the gel. In the 20-copy 
strain, there was very little re-entry of chr XII into 
the gel, even 120 min after release, and more 
broken chromosome fragments were observed 
ce 

Co) 


Fig. 2E, lanes 60 to 120 min). Thus, completion 
f chr XII replication is defective in the 20-copy 
strain in the presence of MMS. Chromosome II 
also failed to re-enter the gel in the 20-copy 
strain, but this defect is not as severe as that seen 
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Fig. 2. Low-copy strain shows rDNA transcription—dependent DNA damage 
sensitivity and rDNA replication defects. (A) DNA damage sensitivity is dependent 
on 35S rDNA transcription through RNA pol | (spot test). (B) 2D gel 
electrophoresis to detect rDNA replication “Y-arc” and recombination “spike” 
intermediates. (C) The ratio of recombination intermediates (X-shaped molecules) 
to total intermediates (X- and Y-shaped molecules) was calculated. Standard 


0 20 40 60 80100 120 0 20 60 80100 120 
Time (min) in MMS after release from «-factor 


deviations are shown. (D and E) Replication status in 110- and 20-copy strains 
(CHEF). Cells were released from o. factor into YPD containing 0.008% MMS. 
Chromosome pattern was detected by EtBr staining (D) and Southern 
hybridization with chr Xll-specific probe (E). Triangles indicate positions of chr 
XII in the well (with asterisk) and gel. YPGal, yeast extract, peptone, and 
galactose. 
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for chr XII (fig. S6A). Analysis by fluorescence- 
activated cell sorting (FACS) also confirms that 
total DNA synthesis is not greatly affected (fig. 
S6B). Consistent with greater rDNA instability in 
the 20-copy strain, large budded cells accumu- 
lated, and the checkpoint effector kinase, RadS3p 
remained phosphorylated (fig. S7). Taken together, 
these results suggest that MMS damage inhibits 
1DNA replication in the low-copy strain and pre- 
vents the cells from entering G2. 

To analyze the rDNA replication defect in the 
low-rDNA-copy strains, we looked for mutants 
in which copy number—dependent sensitivity is 
abolished. Such mutants are expected to be 
sensitive to MMS, therefore we examined known 
MMS-sensitive mutants (7). Most of the mutants 
still showed the difference in MMS sensitivity in 
the low- and high-copy-number-strains (fig. SSA). 
However, rad52, srs2, sgs1, mre11, rad50, and 
xrs2 did abolish copy number-dependent MMS 
sensitivity (fig. S8B). These genes are all involved 
in recombination repair. The accumulation of re- 
combination intermediates in the 20-copy strain 
is completely abolished in a rad52 mutant (fig. 
S5B). These data suggest that recombination re- 
pair of the rDNA is compromised in the low-copy 
strain as a result of heavy pol I transcription. 

The mutants that abolish rDNA copy number— 
dependent MMS sensitivity also show synthet- 
ic lethality with cohesion mutants (8), which 
suggests that their gene products collaborate 
with sister-chromatid cohesion in the recombi- 
nation repair process. Cohesion is known to be 
required for sister-chromatid recombination in 
the repair of double-strand breaks and broken 
replication forks (9-J/). Up-regulation of (DNA 


transcription in the low-copy-number strain may 
prevent cohesion, and this might compromise re- 
combinational repair of broken forks. To test this 
idea, we inserted the lacO array into the rDNA 
and its flanking sites in the 110- and 20-copy 
strains (fig. S9) expressing the lacl-GFP (green 
fluorescent protein) fusion protein (Fig. 3A) (/2). 
The sister chromatids of the rDNA (RDN) in the 
20-copy strain are prominently separated (two 
dots) compared with those in the 110-copy strain 
at G2/M phase, indicating failure of cohesion, 
whereas such a difference is not observed outside 
the rDNA regions (CEN and TEL) (Fig. 3B). 
Moreover, in the low-copy strains, the ratio of sep- 
arated to cohesed rDNA is negatively correlated 
with copy number (Fig. 3C). This difference in 
sister-chromatid separation by copy number disap- 
pears when 35S transcription is reduced (Fig. 3D). 

To investigate whether sister-chromatid sep- 
aration is a direct cause of MMS sensitivity, we 
artificially tethered the sister chromatids together 
in the 20-copy strain using the full-length lacl 
protein (lac-I""") (Fig. 3E) (12, 13), which binds 
to itself and the lacO arrays inserted at all of the 
rDNA repeating units (see Supporting Online 
Material). As shown in the spot test, the viability 
of the tethered strain in MMS-containing medi- 
um was clearly higher than that of the control 
nontethered strain (Fig. 3F, No IPTG). Moreover, 
addition of isopropyl-B-p-thiogalactopyranoside 
(IPTG), which inhibits the association of lac-I"" 
with the lacO arrays, reduced the viability of the 
lac-I™" strain to the control nontethered level 
(Fig. 3F, IPTG). These results indicate that sister- 
chromatid separation in the low-copy strain 
increases sensitivity to damage. 
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We tested cohesin association with the rDNA 
in the 110- and 20-copy strains and found no 
significant difference (fig. S10A). The condensin 
complex contributes to rDNA condensation and 
cohesion (/4, /5), and its association with rDNA 
is diminished by 35S rDNA transcription (/6, 17). 
In S phase, condensin association with the 35S 
rDNA in the 20-copy strain is clearly reduced 
compared with the 110-copy strain (Fig. 4, A and 
B). MMS treatment does not affect this asso- 
ciation (fig. S10B). These results suggest that in- 
creased rDNA transcription in the low-copy 
strain inhibits condensin association during rep- 
lication and that this association is not affected by 
DNA damage. We also investigated the contri- 
bution of condensin to cohesion in the rDNA by 
measuring the cohesion efficiency of a condensin 
mutant (jsc4-/) (78). In the high-copy strain, this 
mutation resulted in an increased level of sep- 
aration, but there was no change in the low-copy 
strain (Fig. 4C), which suggests that condensin 
is required for cohesion of the rDNA only in the 
high-copy strain. Moreover, mutation of con- 
densin in the 110-copy strain increased MMS 
sensitivity (Fig. 4D), consistent with previous 
results from S. pombe (19). In contrast, in the 20- 
copy strain, the condensin mutation had little 
effect on MMS sensitivity, which suggests that 
condensin is involved in damage repair in the 
high-rDNA-copy strain. Taken together, these 
results indicate that in the low-copy strain con- 
densin association with the rDNA is reduced, 
resulting in a reduced ability to repair DNA 
damage. 

Our results suggest that multiple copies of 
rDNA are required to reduce rDNA transcription 
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Fig. 3. Low-copy strains show defects in sister-chromatid cohesion at the transcription. rpa135 temperature sensitive (rpa135-1) mutants were 
rDNA (cohesion assay). (A) Visualization of sister-chromatid cohesion in the analyzed. At least 800 cells were scored for each strain, and standard 
rDNA by GFP Lac repressor staining at G2/M. (B) Time-course analysis of sister-__ deviations are shown [(C) and (D)]. (E) Lacl-GFP artificially tethers the sister 
chromatid cohesion in the rDNA and flanking regions (fig. 59, cohesion assay). chromatids (RDN) in the 20-copy strain (cohesion assay). (F) DNA damage 


(C) The loss rate of cohesion (RDN) is inversely correlated with rDNA copy 
number. (D) The cohesion defect is suppressed by reduction of pol | 
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sensitivity in the low-copy strain is suppressed by artificial tethering of sister 
chromatids. BFI, bright field image. 
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Fig. 4. A condensin defect 
causes compromised sister- 
chromatid cohesion and 
DNA damage sensitivity. 
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and allow efficient replication-coupled recombi- 
nation repair by facilitating condensin association 
and sister-chromatid cohesion. This indicates that 
condensin self-assembly functions not only in 
DNA compaction but also to attach the rDNA 
arrays from the sister chromatids to each other. 
These results also provide a clue to evolution. 
Evolution of rDNA copy number may be related 
to cell size. Bacteria are considerably smaller 
than eukaryotic cells, and they have only a few 
copies of the rDNA dispersed throughout the 
genome and do not have an rDNA amplification 
system (20). Bigger cells needed more ribosomes 
and rDNA transcription. This increased rDNA 
transcription would have been toxic due to greater 
sensitivity to DNA damage caused by environ- 
mental factors such as ultraviolet radiation and 
x-rays, selecting for cells that can maintain mul- 
tiple rDNA copies, and resulting in the evolution 
of the rDNA amplification system. 
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Evolutionary Dynamics of Complex 
Networks of HIV Drug-Resistant Strains: 
The Case of San Francisco 


Robert J. Smith?,?*t Justin T. Okano,*¢ James S. Kahn,” Erin N. Bodine,*+ Sally Blower?§ 


Over the past two decades, HIV resistance to antiretroviral drugs (ARVs) has risen to high levels in the 
wealthier countries of the world, which are able to afford widespread treatment. We have gained 
insights into the evolution and transmission dynamics of ARV resistance by designing a biologically 
complex multistrain network model. With this model, we traced the evolutionary history of ARV 
resistance in San Francisco and predict its future dynamics. By using classification and regression trees, 
we identified the key immunologic, virologic, and treatment factors that increase ARV resistance. 

Our modeling shows that 60% of the currently circulating ARV-resistant strains in San Francisco are 
capable of causing self-sustaining epidemics, because each individual infected with one of these strains 
can cause, on average, more than one new resistant infection. It is possible that a new wave of 
ARV-resistant strains that pose a substantial threat to global public health is emerging. 


IV resistance to antiretroviral drugs (ARVs) 
H: causing serious clinical and public 


health problems throughout the United 
States and Europe. HIV strains began to acquire 
resistance in 1987 when ARVs were introduced 
as therapies for HIV-infected individuals (/). 
Since then, a multitude of drug-resistant strains 
have evolved that differ considerably in their 
susceptibility to three major classes of ARVs: 
nucleoside reverse-transcriptase inhibitors (NRTIs), 
non-nucleoside reverse-transcriptase inhibitors 
(NNRTIs), and protease inhibitors (PIs). These 
drug-resistant strains are now being transmitted 
to individuals who have never received ARVs; 
that is, transmitted drug resistance (TDR) has 
arisen. TDR is reported to range between 8 and 
22% in many HIV-infected communities in 
resource-rich countries, and if it continues to 
increase, the effectiveness of therapeutic regi- 
mens, as well as efforts to control the HIV 
pandemic, will be compromised. We have 
developed a theoretical model (the amplification 
cascade model) to help understand and predict 
the evolutionary dynamics of complex transmis- 
sion networks composed of multiple ARV-resistant 
strains. We calibrated and parameterized the 
model to represent the HIV epidemic in San 
Francisco in the community of men who have 
sex with men (MSM), where TDR is already 
high (~13%) (2). The model was able to 
reproduce the observed dynamics and evolution 
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of transmitted resistance in this city over the 
past 20 years. We used the model first to predict 
the future evolutionary dynamics of TDR. Next, 
we determined whether any of the currently 
circulating ARV-resistant strains are capable of 
generating self-sustaining epidemics. Third, we 
identified the key drivers that generate high 
levels of TDR. We also discuss here the im- 
plications of our results for resource-constrained 
countries where ARV treatment programs are 
being rolled out. 

All of the published HIV transmission 
models of ARV resistance are based on simple 
biological assumptions and can track only one 
resistant strain (3-8). Our amplification cascade 
model captures biological complexity by gen- 
erating a dynamic network composed of multiple 
ARYV-resistant strains. We modeled the multistrain 
network in San Francisco by classifying ARV- 
resistant strains into seven categories; each 
category was defined based on the specific class 
of drugs to which the strain was resistant 
(NRTIs, NNRTIs, or PIs) and the level of 
resistance (single-, dual-, or triple-class) (Fig. 1A 
and fig. S1). Single-class resistance was to 
NRTIs, NNRTIs, or PIs. Dual-class resistance 
was to NRTIs and NNRTIs, NRTIs and PIs, or 
NRTIs and PIs. Triple-class resistance was to all 
three. Each class of ARVs contains several drugs 
(table S1) (9). In our modeling framework, if a 
strain is classified as resistant to a certain class of 
ARVs, then the strain is resistant to at least one 
drug in that class. 

We modeled treatment effects by specifying 
treatment regimens and then assessing the ef- 
fects of these regimens on infectivity and the 
probability of developing resistance. In the model, 
treated individuals receive a regimen to which 
their virus is sensitive; hence, we assume that 
treated individuals achieve either complete or 
partial viral suppression. We consider patients 
who achieve complete viral suppression to be 
noninfectious and incapable of developing re- 
sistance. Patients who achieve only partial viral 


REPORTS 


suppression retain some degree of infectivity and 
are capable of developing resistant strains. When 
individuals experience treatment failure (which 
is usually determined by viral rebound), they can 
be switched to new drugs either in the same class 
or in a new class. For example, if a patient (in 
the model) is on a regimen containing zidovudine 
(NRTD, lamivudine (NRTI), and nelfinavir (PI) 
and develops resistance to nelfinavir, he could be 
switched to another PI (for example, indinavir). 
The model includes a matrix that specifies the rates 
at which strains develop resistance; therefore, 
strains are directly linked through the acquisition 
and amplification of resistance. 

In the model, resistant and wild-type strains 
are assumed to compete to transmit HIV to un- 
infected at-risk MSM. These competitive inter- 
actions are mediated through strain-specific 
infectivity: The greater the infectivity, the higher 
the probability that the strain will be transmitted. 
We ascribe a competitive advantage to wild-type 
strains by assuming that they are always more 
infectious than the resistant strains. Furthermore, 
based on available competitive-fitness assays, 
replication-capacity assays, and patterns of de- 
veloped resistance, we assume that the NNRTI- 
resistant strains are more transmissible than the 
NRTI-resistant strains, which, in turn, are more 
transmissible than the PI-resistant strains (/0, 1/). 
In addition, we assume, based on the available 
data, that the transmissibility of virus strains de- 
creases as the number of classes of resistance in- 
creases (/2). Once an individual becomes infected 
with a wild-type or resistant strain, the model 
tracks viral dynamics, and consequently infectiv- 
ity, through four stages of disease progression: (i) 
primary infection; (ii) not yet eligible for ARVs 
(that is, CD4 count > 350 cells/1); (ili) eligible 
for ARVs (CD4 < 350 cells/u1l) but not currently 
undergoing ARV treatment; and (iv) ARV treat- 
ment. The 33 equations that specify the model, as 
well as a more detailed description of the struc- 
ture, are given in (9). Parameter estimates are 
discussed in section 2 of (9), tables S2 to S11, and 
fig. S2. The model can be extended to include 
any number of additional drug classes, such as 
integrase inhibitors, co-receptor blockers, and fu- 
sion inhibitors, as they are introduced into new 
therapeutic regimens. 

Before making predictions, we used the mod- 
el (coupled with an uncertainty analysis) to re- 
construct the evolution and transmission dynamics 
of the network of ARV-resistant strains (/3). We 
calibrated the model, using Monte Carlo filtering 
techniques, to match the epidemiological condi- 
tions in San Francisco in 1987 when ARVs were 
first introduced [section 3 of (9)] (table $12). By 
the late 1980s, almost half of the MSM com- 
munity was infected with HIV (/4, /5). After 
calibration, we used the model to simulate the 
evolutionary dynamics, from 1987 to 2008, of a 
network of ~4000 resistant strains, where each 
strain differed in drug susceptibility and infectiv- 
ity. The history of ARV therapy in San Francisco 
can be divided into four eras spanning two decades 
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Fig. 1. (A) Schematic diagram of the multiple pathways in the amplification cascade model by which 
strains can acquire resistance. Strains may develop single-class resistance to NRTIs (blue), single-class 
resistance to NNRTIs (red), single-class resistance to Pls (purple), dual-class resistance to NRTIs and 
NNRTIs (green), dual-class resistance to NRTIs and Pls (orange), dual-class resistance to NNRTIs and Pls 
(yellow), or triple-class resistance (brown). Wild-type strains are shown in gray. There are six possible 
paths by which strains can develop triple-class resistance. (B) Representative simulation generated by 
the amplification cascade model to show the evolution of ARV resistance in the MSM community in 
San Francisco. Color coding same as in (A). (C) Estimated levels of TDR in 2008 using Monte Carlo 
simulations from the uncertainty analysis of the amplification cascade model. Single-class resistance is 
8.5% (median: IQR 6.8 to 9.8%) (red), dual-class resistance is 4.5% (median: IQR 3.5 to 5.8%) 
(green), and triple-class resistance is 1.0% (median: IQR 0.7 to 1.3%) (blue); overall levels of TDR are 
in black. (D) Box plots of estimated levels of TDR in 2008 based on Monte Carlo simulations from the 
uncertainty analysis of the amplification cascade model. Color coding same as in (A). Horizontal black 


lines represent medians; boxes show IQR. 


(9, 16) (fig. S3 and table $1). Different regimens 
were used in each era. We modeled the specific 
regimens that were available in each era by using 
data on the proportion of patients achieving viral 
suppression (tables S6 to S9), degree of reduction 
in viral load in partially virally suppressed pa- 
tients (tables S2 and S5), rate of development of 
resistance in treated patients (tables S6 to S9), 
and treatment-induced increase in survival time 
(table S10) (9). Because usage of ARVs has in- 
creased over the past two decades, we modeled 
era-specific treatment rates (table S4) (9). 

The model reproduced and explained the ob- 
served evolutionary dynamics of the network of 
ARY-resistant strains over the four treatment eras 
(Fig. 1B). The first era began in 1987 when AZT 
(azidothymidine, an NRTI) was introduced as a 
monotherapy. AZT was used by a high proportion 
(36 to 68%) of MSM in San Francisco (/7—19). 
Single-class resistance to NRTIs arose quickly 
(J), because they were ineffective at suppressing 
viral loads (19). In 1992, the second era began 
when dual therapies (based on two NRTIs) were 
introduced. These therapies were substantially 
more effective than monotherapies and achieved 
30 to 60% viral suppression (20, 2/). Single-class 
resistance to NRTIs decreased, but dual-class re- 
sistance quickly developed, because many indi- 
viduals had previously developed resistance to 
AZT. In 1996, the third era [early highly active 
antiretroviral therapy (HAART)] began when 
NNRTIs and PIs were used in triple-therapy 
regimens. Resistance to PIs was slow to emerge 
and has only risen to low levels, because multiple 
mutations are necessary to develop resistance to 


most drugs in this class (22). By 2001, more 
effective triple therapies (characterized by dual 
PIs combined with NRTIs) were developed, 
marking the beginning of the fourth era (modern 
HAART). During this recent era, the overall level 
of TDR appears to have stabilized (2); the model- 
generated network also exhibits this behavior (Fig. 
1B). Recent empirical data from San Francisco 
indicate that transmission of single-class resistance 
is high, that of dual-class is moderate, and that of 
triple-class is low. In addition, studies indicate that 
transmission of NNRTI resistance is greater than 
that of NRTI resistance, which is greater than 
transmission of PI resistance. The model-generated 
transmission network shows these same patterns 
(Fig. 1, C and D). Our modeling estimates the 
overall level of TDR in 2008 to be 14% [median: 
interquartile range (IQR) 11.4 to 16.5%] (Fig. 
1C), which is in extremely close agreement with 
empirically derived estimates of 13 to 16% (2). 
After reconstructing the historical epidemiol- 
ogy up to 2008, we simulated the amplification 
cascade model for 5 more years to predict the 
levels of TDR in 2013. Our simulations revealed 
that resistance to single-class NRTIs and Pls will 
remain at current levels, but NNRTI resistance will 
increase (Fig. 2A). Regression analysis determined 
that the degree of increase in NNRTI resistance 
will depend (P < 0.05) on the proportion of pa- 
tients who are infected with wild-type strains and 
are being treated with a regimen of two NRTIs 
and one NNRTI and who achieve viral suppres- 
sion (Fig. 2B). This proportion depends on the 
efficacy of the regimen and adherence to it; thus, 
if only 70% are virally suppressed, NNRTI re- 
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sistance could increase by more than 30% (Fig. 
2B). This increase is predicted to be mainly due 
to transmission from untreated individuals infected 
with NNRTI-resistant strains who are in either the 
acute or chronic stage of infection. 

The value of a strain’s control reproduction 
number R, specifies the average number, based 
on the probability that the individual is treated, 
of secondary HIV infections that an individual 
generates during their entire infectious period. 
R, is a measure of a strain’s transmission po- 
tential. A strain is capable of generating a self- 
sustaining epidemic if R, > 1. The Rs of the 
currently circulating ARV-resistant strains in 
San Francisco vary considerably (Fig. 3A). 
However, strains fall into three mutually exclu- 
sive groups (Fig. 3B) [section 4 of (9)]. Almost 
a quarter (24%) of the strains (Fig. 3B) cause 
less than one new infection (R, < 1) and will 
eventually be eliminated (blue). Although other 
strains (Fig. 3B) also cause, on average, less 
than one new infection (R, < 1), they will 
continue to be transmitted, because they evolve 
greater levels of resistance (green). We esti- 
mated that 60% of resistant strains have an R, > 
1 (Fig. 3B; red). Approximately 75% of these 
resistant strains have single-class resistance to 
NNRTIs, and 20% have dual-class resistance to 
NNRTIs and NRTIs. Although all have the 
potential to cause self-sustaining epidemics of 
resistance, they are all less infectious than the 
wild-type strains in San Francisco (Fig. 3C). 

Similar trends for TDR to those observed in 
San Francisco and those predicted by our model 
have been documented in other cities in the 
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Fig. 2. (A) Predictions 
showing that transmis- 
sion of strains that are 
resistant to NNRTIs will 
increase in San Fran- 
cisco over the next 5 
years. Predictions were 
made using Monte Carlo 
simulations from the un- 
certainty analysis of the 
amplification cascade 
model. Red lines show 
no increase in NNRTIs or 
NRTls over the next 5 
years. Blue line indicates 
an equal increase of 
NNRTIs and NRTIs over 
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the next 5 years. (B) Pre- 
dicted increase in the lev- 
el of transmitted NNRTI 
resistance in San Francisco 
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over the next 5 years as a function of the proportion of patients (who are infected with wild-type strains and are being treated with a regimen of two NRTIs and one 
NNRTI) who achieve viral suppression. Predictions were made using Monte Carlo simulations from the uncertainty analysis of the amplification cascade model. 


United States and Europe that have analogous 
histories of ARV therapy. Potentially NNRTI- 
resistant strains similar to those we have identified 
in San Francisco may be increasing elsewhere. 
Although the NNRTI-tesistant strains that we have 
identified are causing the rising wave of NNRTI 
resistance, they are unlikely to lead to self- 
sustaining epidemics in San Francisco or other 
communities in resource-rich countries, because 
new drugs will continue to become available. 
However our results may have important impli- 
cations for HIV treatment programs in resource- 
constrained countries, where second-line regimens 
are not generally available. NNRTI-resistant strains 
are already evolving in many of these countries, 
because their first-line regimens are based on two 
NRTIs plus one NNRTI. Our current predictions 
have been obtained by modeling the evolution of 
resistance in individuals infected with subtype B 
strains. Subtype B accounts for ~12% of world- 
wide infections (and persons with subtype B are 
the most ARV-experienced), but 50% of preva- 
lent HIV infections and 47% of all new HIV 
infections worldwide are caused by subtype C 
(23). Although information is limited, prelimi- 
nary data suggest that treatment response and 
resistance patterns for subtype C are similar to 
those of subtype B (24). These data suggest that 
our results are likely to be generalizable to an 
epidemic of HIV-1 resistance among individuals 
infected with HIV-1 subtype C, and NNRTI- 
resistant strains with R, > 1 could emerge in 
resource-constrained countries. If the R, of the 
wild-type strains is reduced below one, as could 
occur by using a universal testing and treatment 
strategy (25), self-sustaining epidemics of NNRTI- 
resistant strains could arise (Fig. 3B and fig. S5) 
[section 5 of (9)]. 

Current levels of TDR, as well as the bio- 
logical composition of the complex multistrain 
network, have emerged from two decades of treat- 
ment. To identify the key drivers of ARV resist- 
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Fig. 3. (A) Box plots of the control reproduction 
numbers (R,) for all seven categories of ARV- 
resistant strains in the amplification cascade model. 
Color coding is the same as in Fig. 1A. Horizontal 
black lines represent medians; boxes show IQR. (B) 
Classification of ARV-resistant strains into three 
mutually exclusive groups based on their transmis- 
sion potential: resistant strains that cause less than 
one new infection (R. < 1) and will eventually be 
eliminated (blue), resistant strains that cause less 
than one new infection (R, < 1) but will continue to 
be transmitted (green), and resistant strains capable 
of causing self-sustaining epidemics (R, > 1) (red). 
(C) Density functions showing the likelihood of 
different values of TDR occurring. Dotted curves 
show density functions for the relative transmissibil- 
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ity for all of the strains with single-class resistance to NNRTIs (red: median 86%, IQR 81 to 89%) and 
dual-class resistance to NRTIs and NNRTIs (green: median 69%, IQR 60 to 76%) that are circulating in 
the current network in San Francisco. Solid curves show density functions for the relative transmissibility 
of NNRTI-resistant strains with R, < 1: single-class NNRTIs (red: median 87%, IQR 83 to 90%) and 
dual-class NRTIs and NNRTIs (green: median 82%, IQR 78 to 86%). Transmissibility is defined relative 


to the wild type. 


ance, we constructed classification and regression 
trees (CART) (26) using the 20-year data set (1987 
to 2008) that was generated during the uncertainty 
analysis of the amplification cascade model. To 
build trees, we used the model's estimated level of 


TDR for 2008 as the response variable and the 
model’s 50 parameters as predictor variables [sec- 
tion 6 of (9)]. The optimal tree revealed the hidden 
hierarchical structure of the data (Fig. 4). Key 
drivers of TDR are the predictor variables with 
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the highest importance scores (IS) (table $13) (9). 
The most important driver (IS = 100) is the aver- 
age time (at the population level) it takes for CD4 
cell counts in infected individuals to fall below 
350 cells(ul (v') (Fig. 4). TDR was significantly 
higher (15%) when CD4 counts fell to this thresh- 
old within ~6 years than when counts fell more 
gradually (Fig. 4 and fig. S6A) (9). This occurred 
because faster immunological deterioration led to 
increased treatment rates and accelerated the ac- 
quisition of resistance; hence, TDR increased as 
v | decreased. 

A high proportion of the transmission of 
wild-type strains over the past 20 years has 
occurred from asymptomatic individuals with a 
CD4 count > 350 cells/ul (fig. S6B) (9). 
Consequently, all! , the infectiousness of strains 
in asymptomatic individuals, has been the 
second key driver of TDR (IS = 73) (Fig. 4); 
infectivity is defined in terms of the probability 
of transmitting HIV per sex act. These results 
can be understood in terms of classical compe- 
tition theory (27): The most infectious wild-type 
strains had the greatest advantage over resistant 
strains and hence caused the lowest levels of TDR. 
A recent review of empirical estimates of the 
transmission probability per sex act indicates that 


al! is likely to be greater than 0.0024 (28). The 
tree (Fig. 4) reveals that if wild-type strains had 
been less infectious (specifically, at! < 0.0024), it 
would have been very likely (probability 0.71) 
that TDR in San Francisco would be even higher 
than the current level (fig. S6C) (9). 

We found al, the infectiousness of strains 
under treatment pressure, to be the third key 
driver of TDR (IS = 60) (Fig. 4). This driver 
represents the probability that an individual who 
is receiving current ARV regimens transmits 
HIV during one sex act. In contrast to our 
previous finding for al! , TDR was significantly 
higher (>15%) when wild-type strains were 
more infectious (of > 0.0015) than when they 
were less infectious @ < 0.0015) (Fig. 4). This 
paradoxical result cannot be understood in terms 
of classical competition theory (27). It occurred 
cause the effect of evolution on network 
dynamics was greater than that of competition. 
Under treatment pressure, the most infectious 
wild-type strains @f > 0.0015) tended to evolve 
into the most infectious resistant strains; af only 
ad a minor effect on competition, because 
treated individuals were relatively unimportant 
in transmitting wild-type strains (fig. S6D) (9). 
The value of a7 can be translated into viral load 


Nea 
= 


4, 0.50 


Fig. 4. A pruned version of the optimal tree. The root node contains data from the 3827 filtered Monte 
Carlo simulations that were generated by the amplification cascade model; filtered simulations are after 
model calibration [section 3 of (9)]. Inside each node is the total number of simulations it contains (N), 
as well as the distribution of the response variable TDR. Low levels of TDR (<15%) are blue, whereas 
high levels of TDR (>15%) are red. The most important variable (IS = 100) is v-+, the average time (at 
the population level) it takes for CD4 cell counts in infected individuals to fall below 350 cells/ul. The 
variable a reflects the degree of infectivity of wild-type strains during the asymptomatic stage of 
infection, where infectivity is specified as the probability of transmitting HIV during one sex act. The 
variable of represents the probability that an individual receiving a current ARV regimen transmits HIV 
during one sex act. The remaining variables are as follows: the transmissibility of strains (relative to the 
wild type) with single-class resistance to NRTIs (Az), the degree of viral suppression in patients who are 
infected with wild-type strain and are not completely virologically suppressed (y,), and the degree of 
viral suppression in patients who are infected with strains that have single-class resistance to NNRTIs 
and are not completely virologically suppressed (y3). Because the pruned tree is a subtree of the 
optimal tree, not every variable deemed important appears in it. The optimal tree has 84% predictive 
power in correctly identifying which simulations will generate high levels of TDR and 82% predictive 
power in correctly identifying which simulations will generate low levels of TDR. 


(fig. $2) [section 2 of (9)]; a value of 0.0015 
corresponds to a viral load of 20,000 copies/ml. 
Effective therapies used in recent years have re- 
duced viral loads in patients infected with wild- 
type strains to well below 20,000 copies/ml (29), 
indicating that al is (and was) significantly less 
than 0.0015. Given these effective treatments, 
our tree shows it is highly unlikely (probability 
0.22) that TDR in San Francisco could have risen 
to more than 15% by 2008 (Fig. 4). 

Our CART analysis also identified four other 
parameters that are important drivers of TDR, 
including the relative transmissibility of strains with 
single-class resistance to NRTIs (A2) (IS = 51), the 
degree of viral suppression in patients who are 
infected with wild-type strains and not complete- 
ly virologically suppressed (y,) (IS = 45), the 
relative transmissibility of strains with dual-class 
resistance to NRTIs and NNRTIs (As) (IS = 40), 
and finally the degree of viral suppression in 
patients who are infected with strains that have 
single-class resistance to NNRTIs and are not 
completely virologically suppressed (y3) (IS = 39). 
None of the 43 other predictor variables was 
found to be important (IS < 30). The tree shows 
that TDR has remained below 15% because of 
specific immunologic, virologic, and treatment 
factors operating in San Francisco (Fig. 4). 

The amplification cascade model can be 
recalibrated and reparameterized to assess the 
dynamics of networks of ARV-resistant strains 
of HIV in any setting where ARVs are available. 
We have applied it to San Francisco. We have 
shown that a complex network of HIV strains 
has arisen in this city due to two decades of 
sequential selection for resistance; first with 
single agents, then dual agents, and, more re- 
cently, a combination of multiple-class agents. 
By designing a biologically complex multistrain 
network model, we have obtained important 
insights into the otherwise hidden dynamics of 
drug-resistant strains of HIV. We have identified 
the key immunological, virological, and treat- 
ment variables, as well as the hierarchical 
interactions among these variables, which have 
had a key role in driving resistance. Our results 
have shown that effective treatments have 
prevented TDR from increasing to greater than 
15% in San Francisco. However, our modeling 
shows that the network is continuing to evolve. 
We found that the majority of the resistant 
strains currently being transmitted in this city 
are capable of causing self-sustaining epidemics, 
and we have estimated that an individual with 
an NNRTI-resistant strain can cause, on average, 
more than one new infection. We predict that a 
wave of NNRTI-resistant strains will emerge 
over the next 5 years in San Francisco due to 
transmission from untreated individuals. Our 
results also have implications for resource- 
constrained countries where first-line regimens 
are based on NNRTIs. If the resistant strains we 
have identified in our analyses evolve in these 
countries, they could substantially compromise 
HIV treatment programs. Consequently, current- 


5 FEBRUARY 2010 VOL 327 SCIENCE www.sciencemag.org 


ly circulating NNRTI-resistant strains in San 
Francisco pose a great and immediate threat to 
global public health. 
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Optimal Localization by 


Pointing Off Axis 


Yossi Yovel,* Ben Falk,” Cynthia F. Moss,” Nachum Ulanovsky** 


Is centering a stimulus in the field of view an optimal strategy to localize and track it? We 
demonstrated, through experimental and computational studies, that the answer is no. We trained 
echolocating Egyptian fruit bats to localize a target in complete darkness, and we measured the 
directional aim of their sonar clicks. The bats did not center the sonar beam on the target, but instead 
pointed it off axis, accurately directing the maximum slope (“edge”) of the beam onto the target. 
Information-theoretic calculations showed that using the maximum slope is optimal for localizing the 
target, at the cost of detection. We propose that the tradeoff between detection (optimized at 
stimulus peak) and localization (optimized at maximum slope) is fundamental to spatial localization and 
tracking accomplished through hearing, olfaction, and vision. 


‘ost sensory systems allow some active 
Me over the information acquired 
from the environment (/—6). Nowhere 
is this more evident than in echolocating bats 
(4, 7-10), which control many aspects of their 
sonar signal design (4, 7, 9, J/—16) and use 
returning echoes to orient and forage in the dark 
(4, 7-16). We trained Egyptian fruit bats to fly 
in a large flight room and land on a spherical 
target while relying exclusively on sonar (/7). 
The bats’ three-dimensional (3D) position was 
measured with two infrared cameras, and the 
shape and direction of their sonar beam pattern 
were measured with a 20-microphone array (/7) 
(Fig. 1, A to D, and movie S1). 
At the beginning of each trial, the target was 
randomly repositioned. Subsequently, the bat 
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searched for the target, approached it, and landed 
on it, either by a straight flight or a curved 
trajectory (Fig. 1C and fig. $1). Unlike micro- 
bats (microchiropteran bats), which emit laryn- 
geal tonal calls, Egyptian fruit bats are megabats 
(megachiropteran bats) that produce very short 
(50- to 100-1s) impulse-like tongue clicks, with 
frequencies centered at 30 to 35 kHz (fig. S2). 
While flying, bats typically emitted pairs of 
clicks, with an ~20-ms interval within the click 
pair and an ~100-ms interval between the 
pairs (Fig. 1A and fig. S3) (18, 79). The bats 
pointed their sonar beam toward the left or 
the right, in an alternating manner as follows: 
left—right—100-ms interval—right—left (Fig. 1D 
and movie S1). 

We observed two different phases of behav- 
ior. During the first stage, the bats did not 
necessarily lock their click pairs onto the target, 
and the directions of clicks were widely dis- 
tributed (the “unlocked” phase). At the final 
stage, the bats directed their sonar clicks so that 
the vector average of the pair of clicks pointed 
toward the target with accuracy better than 30° 


(17). We refer to this as the “locked” phase 
(Figs. LE, arrows, and 2A, top, and fig. SIC). 
During this phase, 0.5 s before landing, 80% of 
the click pairs were locked with accuracy better 
than 15° (Fig. 2A, bottom, gray lines). In 10% 
of the trials, the bats locked onto the target with 
average accuracy better than 5°. The left-right 
orientation of the clicks in the locked phase 
implies that the bats did not direct the maximum 
intensity of the click toward the target, contra- 
dicting the common notion that bats steer their 
sonar beam in order to maximize the signal-to- 
noise ratio (SNR) of the echoes (/3, 20). 
Another possible strategy would be for the 
bats to direct the maximal slope of the beam’s 
emission curve toward the target, because this 
would maximize changes in reflected echo 
energy that result from changes in the relative 
position of the bat and the target. Plotting the 
directional span of the beams between the right 
and left maximum slope (green lines in Fig. 1, E 
and F, and fig. S1, C and D) showed that the 
bats consistently placed the maximum slope of 
their beams onto the target (Fig. 1F and fig. 
S1D; the top and bottom of the green lines are 
close to direction 0°). Next, we examined the 
population distribution of the directions of the 
beams’ maximum intensity and maximum slope 
(Fig. 2, B and C, top two rows). Before locking, 
the bats directed their sonar beams over a wide 
range of angles, spanning >100° around the tar- 
get (Fig. 2B, top). After locking, however, they 
clearly directed their beam so that the maximum 
slope of the intensity curve of the beam, and not 
its peak, was on the target (Fig. 2C, middle row). 
All six bats exhibited this behavior (fig. $4). 
When the maximum slope of the beam is di- 
rected toward an object, any motion of the object 
relative to the bat will result in the largest possible 
change in echo intensity. The sign of the energy 
change (positive or negative) corresponds to the 
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direction of motion. We hypothesized that Egyptian 
fruit bats lock the maximum slope on the target as a 
strategy that maximizes their sensitivity to changes 
in target azimuth, in order to better localize the target. 

To test this “optimal-localization” hypothe- 
sis, we used the Fisher information (FI) measure 
that is commonly used to assess sensitivity to 
small differences (2/). To estimate the FI at 
different angles relative to the target, we com- 
puted joint probability-density functions of the 
intensities and angles for all clicks (/7). After 
locking, the beam-steering strategy used by the 
bats maximized the FI in the direction of the 
target (Fig. 2C, bottom row). There is a sec- 
ondary peak in the FI curve, because each 
emission curve has two points of maximum 
slope (one on each side). The secondary peak is 
higher because of the inherent asymmetry of the 
beam (Fig. 3A). Because the FI is a measure 
that meets a theoretical optimality criterion (2/), 
this result implies that the strategy used by the 
bats is optimal for localizing the target based on 
the intensity of reflected echoes. 

We ruled out an alternative explanation for 
the bats’ behavior, namely that they might have 
placed the peaks of the beams on the target’s 
edges. In this case, we would expect the angle 
between the pair of clicks to increase as the bat 
approaches the target, because the angular extent 
of the target increases. However, we found no 
such increase in angle (fig. S5). 


B 


This optimal-localization strategy is not free 
of cost. When pointing the maximum slope of the 
emission curve and not its peak toward an object, 
less energy (6 dB) is reflected back from the 
object (Fig. 3, A and B), and this reduces object 
detectability, decreasing the maximal detection 
range by ~16% (/7). We hypothesize, therefore, 
that the part of the beam between the peak and 
the maximum slope of the emission curve can be 
used by bats to trade off between detection and 
localization. The beam’s peak provides optimal 
detection, whereas the maximum slope provides 
optimal localization. The bat could direct the 
beam according to the task, target properties, or 
ambient noise. Bats landing on an acoustically 
salient object, as in our experiments, preferred to 
maximize spatial localization in order to land ac- 
curately. A bat confronted by a detection problem, 
such as a small target, a noisy environment, or a 
strong masker, should act to maximize detection 
by placing the beam’s peak on the target (22). A 
bat that needs both detection and localization will 
have to compromise between the two positions 
on the emission curve (Fig. 3B). Indeed, the area 
between the peak and the slope was directed 
toward the target more often than the area beyond 
the slope, which is consistent with a detection- 
localization compromise [Fig. 2C, top; the peak’s 
distributions are significantly skewed toward the 
target at angle 0°; f test: Yrignt = 0.42, P < 0.001; 
Yien = 0.26, P < 0.001 (17)]. 


To further test this “detection-localization 
tradeoff’ hypothesis, we conducted a control ex- 
periment in which a large reflecting board was 
positioned 50 to 80 cm behind the target (17). 
Such a reflector returns strong echoes that arrive 
shortly after the target’s echo, thus acting as a 
powerful acoustic masker that interferes with tar- 
get detection. Indeed, some bats changed their 
beam-steering strategy; initially they maintained 
the left—right—right—left pattern as described 
above, but then, in the final approach (~1 s before 
landing), they directed both clicks of each click 
pair forward and pointed at the target a part of the 
emission curve that was close to the beam’s peak 
(Fig. 3C, bottom, black dots, and fig. S6). This 
switch in strategy was exhibited by bats that chose 
to fly directly toward the target. It should increase 
echo energy and improve detection (improve SNR). 
The bats’ flexibility in steering their emission beams 
suggests that in our main experiments (Figs. 1 and 
2), the animals actively chose to direct the maxi- 
mum slope of the beam toward the target. 

It remains an open question whether other 
echolocating animals (microbats, dolphins, swift- 
lets, etc.) use the maximum-slope strategy for local- 
izing objects. All studies that tested beam steering 
in microbats (/3, 20, 23) did so in the context of 
small targets, which created a detection problem. 
We predict that, when localization is paramount 
and detection is not challenged, microbats would 
also use the slope-based optimal-localization 
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Fig. 1. Examples of flight and echolocation behavior. (A) Representative 
time signal showing four click pairs. The y axis shows signal amplitude (on a 
linear scale, with the largest excursion normalized to 1). (B) Schematic of bat 
emitting a right click. Ellipse, sonar beam in polar coordinates; Gaussian 
curve, sonar beam in Cartesian coordinates; black dot, peak intensity. The 
green line connects the two points of maximum slope. (C to F) Examples of 
two behavioral trials. (C) Top view of the room. Blue line, bat’s flight tra- 
jectory; short black lines, sonar beam directions for all clicks; arrow, point of 


locking onto target. (D) Close-up on locked part of the trials in (C); same 
notation as in (C). Gray curves, polar representation of the beams (dB scale). 
(E) Diagrams of beam angles relative to the target for the same two trials. 
Green lines connect the beam’s right and left maximum slope. Gray lines, clicks 
that did not meet the inclusion criteria (17); black dots, direction of beam’s 
peak; blue line, average direction of each pair of black dots; arrows, point of 
locking. (F) Close-up on the locked part of (E); same notation as in (E). The 
bats tended to place the maximum slope (end of green lines) onto the target. 
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strategy; however, because microbat biosonar is 
A > n=14 B Before Locking C After Locking based on single pulses instead of double clicks 
s 400 + Lock 0.15 7 right clicks A (4, 7-10), the microbats would always place one 
= 5 —left clicks I\ of the beam’s slopes on target (for example, 
ie é = % | | right—right—right. ..) and analyze echo-amplitude 
= 2 2 | \ changes between successive calls. The mecha- 
re} a 9 f \ nism by which Egyptian fruit bats direct their 
5-100} \ beams left—right is not entirely clear [supporting 
S o* online material (SOM) text], but the alternating 
a 156 0.15 clicks of these megabats are certainly advanta- 
a geous in that comparing two different slopes dou- 
5S bles the intensity difference. 

zs 100 2 o Previous neurophysiological studies in micro- 
3 = a bats have reported auditory neurons tuned to echo 
= 50 a £& amplitude (24). Our results point to the possibil- 
ie 2 0 ity that, in megabats, upstream of such echo- 

S 15 7 a 
S amplitude—tuned neurons, there might be neurons 
S -15 1 P that are sensitive to the amplitude difference of 
2 A two successive echoes (20 ms apart). In both 

6 -50 7 i. : 
2 microbats and megabats, the directional accuracy 
a cra of passive hearing is 10° to 15° (25), whereas 
100 \ active mechanisms, such as described here, could 
, y underlie the improved accuracy of 1.5° to 5° dur- 

-150 oc =e ing active echolocation (/2, 20). 

-2.5-1.5-0.5 -120 -60 0 60 120 -120 -60 0 60 120 We further hypothesize that the tradeoff 
Time to landing (s) gah target eng target between detection (SNR) and localization is a 
(degs) (degs) general dilemma in sensory systems. If we 
Fig. 2. Population analysis shows that bats optimize angular localization by locking the maxi- describe the intensity of a stimulus (for example, 


mum slope of the beam onto the target. (A) Top: Direction of click pair (vector average) relative gjfactory or visual) as a contour in space, its 
to the target as function of time to landing for 14 example trials. Blue lines, same notation as peak would be optimal for detection, but the 
blue lines in Fig. 1E; black arrow, average time of locking onto target. Bottom: The same for all 
256 trials. Yellow lines, mean + SD, computed in 100-ms windows; gray lines, +15°. (B and C) 
Directional distributions of click parameters and FI relative to target direction, (B) before locking 
and (C) after locking. Top: distribution of the direction of the beam’s peak intensity. Middle: 
distribution of the direction of the beam’s maximum slope. Bottom: FI as function of angle to 
target. Gray vertical lines, +5.5° total error in estimating bat/object directions (17). The y axes 
are identical in (B) and (C). 


maximum slope is optimal for spatial localiza- 
tion. For example, we predict that an organism 
following an odor trail should follow the line of 
the maximum slope of the odor concentration in 
order to optimize the tracking accuracy and 
minimize movement jitter (Fig. 4). A study that 
measured odorant spatial distribution in an 
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Fig. 3. The tradeoff between detection and an- A 
gular localization. (A) Average left click and right 
click (averaged across all locked clicks of all bats). 
The emission curve is asymmetric (less steep on 
the side directed toward the target). This explains 
the higher secondary peaks in the FI curve (Fig. 
2C, bottom). (B) Detection-localization tradeoff 
for the biosonar of Egyptian fruit bats. Magenta, 
detection (in normalized units); cyan, localization 
(azimuthal discriminability, a’). The x axis shows 
the angle within the emission beam, shown be- 
tween the peak and 36°. The localization accuracy 
decreases beyond the maximum slope. (C) Exam- 
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Fig. 4. Prediction for other sensory 
systems (olfaction). Color map, sche- 
matic odor trail; gray line, path of an 
organism that followed the trail’s peak 
concentration. This strategy is typically 
assumed for odor-trail following (3). 
Black line, path of the same organism 
when using a strategy similar to that of 
our bats, that is, following the maxi- 
mum slope of the odorant concentra- 
tion (17). The movement jitter in this 
case is smaller, making the tracking 
smoother and therefore faster. 


olfactory-tracking task indicated that Drosophila 
larvae seem to follow a trajectory between the 
peak and the maximum slope (26). Similarly, in 
the case of vision, we predict that when track- 
ing large moving objects, humans would place 
their fovea on the object’s intensity slope to 
optimize tracking. Finally, several recent studies 
have reported sensory neurons that best encode 
stimulus location via the maximum slope of their 
tuning curve (22, 27-29), not via the peak firing 
rate of the tuning curve. Such coding maximizes 
the discriminability of the on-slope stimulus, par- 
alleling our behavioral results, which show an 
optimal-localization strategy at the sensor’s 
behavioral level. 
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Axon Extension Occurs 
Independently of Centrosomal 
Microtubule Nucleation 


Michael Stiess,? Nicola Maghelli,” Lukas C. Kapitein,? Susana Gomis-Riith,* 
Michaela Wilsch-Brauninger,” Casper C. Hoogenraad,* Iva M. Tolié-Norrelykke,” Frank Bradke** 


Microtubules are polymeric protein structures and components of the cytoskeleton. Their dynamic 
polymerization is important for diverse cellular functions. The centrosome is the classical site of 
microtubule nucleation and is thought to be essential for axon growth and neuronal differentiation— 
processes that require microtubule assembly. We found that the centrosome loses its function as a 
microtubule organizing center during development of rodent hippocampal neurons. Axons still extended 
and regenerated through acentrosomal microtubule nucleation, and axons continued to grow after laser 
ablation of the centrosome in early neuronal development. Thus, decentralized microtubule assembly 
enables axon extension and regeneration, and, after axon initiation, acentrosomal microtubule nucleation 
arranges the cytoskeleton, which is the source of the sophisticated morphology of neurons. 
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small oligomers within the axon (8—/0). Indeed, 
flies that lose centrosomes during development 
seem to develop a largely normal nervous system, 
where the direction of axon outgrowth appears 
not to be affected (//). Thus, the role of the cen- 
trosome and centrosomal microtubule nucleation 
in axon growth is controversial (/2-/5). 

To define the role of the centrosome in mi- 
crotubule nucleation during neuronal development, 
we first determined where microtubules are nucle- 
ated during the development of rodent hippocam- 
pal neurons. Microtubules were depolymerized 
with nocodazole, and the microtubule nucleation 
sites were examined after washout of the drug 
(Fig. 1A). In young neurons that had just initiated 
an axon [2 days in vitro (DIV)], microtubules 


4independent Junior Research Group Axonal Growth and 
Regeneration, Max Planck Institute of Neurobiology, Am 
Klopferspitz 18, 82152 Martinsried, Germany. *Max Planck 
Institute of Molecular Cell Biology and Genetics, Pfotenhauer- 
strasse 108, 01307 Dresden, Germany. *Department of Neuro- 
science, Erasmus Medical Center, Dr. Molewaterplein 50, 3015 GE 
Rotterdam, Netherlands. 


*To whom correspondence should be addressed. E-mail: 
fbradke@neuro.mpg.de 


5 FEBRUARY 2010 VOL 327 SCIENCE www.sciencemag.org 


Before washout 


After washout 


Fig. 1. The centrosome loses its function as a microtubule organizing center 
during neuronal development. (A) After washout of nocodazole, microtubules 
(a-tubulin shown in red) regrow from the centrosome in young rat hippocampal 
neurons (2 DIV), but not in mature neurons (11 DIV). GFP-centrin2 (green) 
marks the centrosome (arrowheads). Scale bar, 10 jm; inset, 2.5 um. (B) 
Maximum projection of time-lapse recordings of EB3-GFP after nocodazole 
washout (time: 1 min 26 s). Comets predominantly grow radially from a central 
point in young neurons (2 DIV), but not in mature neurons (14 DIV). EB3-GFP 
tracks are indicated by yellow arrows. The arrowhead marks the centrosome in 
mature neurons (from post hoc staining of endogenous pericentrin). Scale bar, 
10 uum. (C and D) Quantification of microtubule organization at the neuronal 


Percentage of cells 


aster 


centrosome analyzed by electron microscopy (fig. 51) in neurons at 2 DIV and 9 


DIV [n = 10 cells each, (C)] as well as in E18 and P6 hippocampi [n = 13 cells each, (D)]. Error bars denote SEM o' 


regrew at the centrosome in 83% of the neurons 
(n > 200 cells) (76). Microtubule seeds were also 
visible at acentrosomal sites. In mature neurons 
(11 to 12 DIV), microtubules nucleated randomly 
throughout the whole cell but did not emanate 
from the centrosome (n > 30 cells). In young neu- 
rons expressing the microtubule plus-end bind- 
ing protein 3 (EB3) fused to green fluorescent 
protein (GFP) (17), microtubules grew from the 
centrosome, but also from acentrosomal sites 
after nocodazole washout (n = 11 cells; Fig. 1B 
and movie S1). In contrast, in mature neurons 
(14 DIV), EB3-GFP comets emerged all over 
the cell body (n = 14 cells; Fig. 1B and movie 
$2). Acentrosomal microtubule growth speed 
[67 + 23 nm/s (mean + SD); n = 83 comets] was 
indistinguishable from centrosomal microtubule 
growth speed (64 + 24 nm/s; n = 85 comets) in 
young neurons, whereas the acentrosomal mi- 
crotubule growth speed in mature neurons was 
slightly reduced (58 + 15 nm/s; n = 435 comets). 

Electron microscopy revealed structural 
changes at the centrosome that correlate with 
the loss in centrosomal activity during neuronal 
development. In young neurons (2 DIV), micro- 
tubules emanated from centrioles in all analyzed 


neurons and formed an aster-like structure in 
60% of the cells (n = 10 cells; Fig. 1C and fig. 
S1). In contrast, in differentiated neurons (9 
DIV), many microtubules were present in the 
cell body, but in only 20% of the neurons were 
the centrioles or the pericentriolar region linked 
to microtubules (7 = 10 cells; Fig. 1C and fig. 
S1). We observed a similar decrease of micro- 
tubules emerging out of the pericentriolar area in 
vivo, comparing centrosomes in pyramidal 
neurons of the hippocampus at embryonic day 
18 (E18) and at postnatal day 6 (P6; n = 13 cells 
each; Fig. 1D and fig. S1). Thus, the centrosome 
loses its function as a microtubule organizing 
center (MTOC) during neuronal development. 
Immunofluorescence microscopy showed that 
y-tubulin, a key protein in microtubule nucleation 
(18) that is essential for axon outgrowth (/9), 
changed its intracellular localization during neu- 
ronal development (Fig. 2, A and B). At | DIV, 
when axons start to form, y-tubulin was localized 
to the centrosome in all neurons, showing an 
intensive centrosomal staining (n = 44 cells; Fig. 
2, A and B). At 4 to 5 DIV, when both axons and 
dendrites grow, centrosomal y-tubulin was 
detected in 97% of the neurons, but the intensity 
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was reduced by 52% (n = 49 cells; Fig. 2, A and 
B). In mature neurons (11 to 12 DIV), centrosomal 
y-tubulin was detectable in only 42% of the 
neurons and the intensity was reduced by 81% 
(n= 43 cells; Fig. 2, A and B). However, y-tubulin 
was still present in differentiated neurons and in 
biochemical extracts of axons (Fig. 2, C and D). 
Pericentrin, another component of the pericentriolar 
material (PCM), also decreased at the centrosome, 
whereas the centriolar protein centrin remained 
relatively constant (Fig. 2B). Thus, the micro- 
tubule nucleator y-tubulin becomes delocalized 
from the centrosome during neuronal differentiation. 

We next analyzed the expression levels of 
proteins that play a role in recruiting y-tubulin to 
the centrosome. Nedd1, which is part of the y- 
tubulin ring complex (yTuRC) and targets the 
yTuRC to the PCM (20, 2/), was reduced during 
development (Fig. 2C). Moreover, the centro- 
somal protein 4.1—associated protein (CPAP), a 
protein required for centriole duplication (22), 
strongly decreased during neuronal differentiation 
(Fig. 2C). Consistently, ectopically expressed 
GFP-y-tubulin was recruited to the centrosome 
in young neurons (1 DIV) in 100% of the cells 
(n = 258 cells; Fig. 2E and fig. $2), whereas no 
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Fig. 3. Axon extension occurs in differentiated A 


neurons in the absence of centrosomal y-tubulin. Ee 4 2.4 
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Ablated cell 


Control cell 


Fig. 4. Laser ablation of the centrosome in young 
neurons does not affect axon extension. (A) Ablated 
neuron from fig. $5 shows no centrosomal y-tubulin 
and pericentrin staining. Arrowheads mark centro- 
somal staining in a control neuron. Scale bar, 10 um. 
(B) Axons grow similarly 8 hours and 24 hours after 
ablation compared to axons of control cells (n = 12 
to 52 cells). Results are means + SEM. 


specific recruitment of GFP-y-tubulin to the cen- 
trosome was observed in differentiated neurons 
(10 DIV) (Fig. 2E and fig. $2). Thus, mature 
neurons cannot recruit y-tubulin to centrosomes. 

Because axon growth depends on microtubule 
polymerization (23), we investigated whether 
axon extension is affected when the centrosome 
is depleted of y-tubulin and has lost its function as 
a MTOC. Axons continued to grow throughout all 
developmental stages (Fig. 3A and fig. $3). On 
average, axons grew 131 um/day (2 to 4 DIV) 
when y-tubulin was present at the centrosome, and 
178 um/day (9 to 13 DIV) when the centrosome 
was inactive (Fig. 3A). Because the axon was also 
branching, the total axon growth rate increased 
with time. Thus, the loss of centrosomal micro- 
tubule nucleation does not restrain axon growth in 
mature neurons. Moreover, after axon injury by a 
microneedle, when a large amount of micro- 
tubules was removed, axon regeneration occurred 
without y-tubulin recruitment to the centrosome. 
When an axon grew after axotomy in neurons at 8 
to 17 DIV, either from an existing dendrite or from 
the cut axonal stump (n = 20 cells; fig. S4) (24), 
centrosomal y-tubulin remained at low levels 
similar to those seen in unlesioned cells (n = 244 
cells; Fig. 3, B and C). Thus, axons extend and 
regenerate independently of centrosomal micro- 
tubule nucleation in mature neurons. 

We next asked whether axon extension re- 
quires centrosomal microtubule nucleation in ear- 
lier stages of development, when the centrosome 
still functions as a MTOC. With the use of a two- 
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photon laser ablation setup (25), we destroyed the 
centrosome, visualized by GFP-centrin2, in neu- 
rons that had just started to form an axon (2 DIV; 
fig. S5). Centrosomal staining of y-tubulin, peri- 
centrin, and centrin was not found in centrosome- 
ablated neurons, either after ablation or at the end 
of the experiment (Fig. 4A and fig. S6). Electron 
microscopy confirmed the expected physical de- 
struction of the centrosome in ablated neurons 
(26) (fig. S7). In centrosome-ablated neurons, 
only acentrosomal microtubule regrowth occurred 
after nocodazole washout (n = 19; fig. S8). Live 
imaging of EB3-GFP showed no centrosomal but 
only acentrosomal microtubule assembly in ab- 
lated cells (fig. S8 and movies $3 and $4). After 
ablation, axon growth was followed during the 
subsequent 24 hours in the surviving neurons 
(Fig. 4B and fig. $5). The axon of centrosome- 
ablated neurons grew 115 um on average (n = 
12 cells), similar to control neurons (121 jm; 
n= 26 cells) (P= 0.81, two-tailed f test). Thus, 
young neurons also extend their axon without a 
centrosome. 

Although the centrosome is necessary for cell 
cycle progression and neurogenesis (27, 28), here 
we have found that the centrosome becomes dis- 
pensable for axon extension and regeneration. 
Neuronal differentiation requires sophisticated ar- 
chitectural changes that may be incompatible with 
a large microtubule network emanating from a fo- 
cal point. Thus, acentrosomal microtubule nucle- 
ation may be a key feature during differentiation 
of both neuronal and non-neuronal cells (29, 30). 


REPORTS 


Dismantling the centrosome and decentralizing 
microtubule nucleation may be essential to en- 
able axon branching, dendrite formation, and spine 
generation (/7). 
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School). Submitted by Lisa Goodrich, Chair, Auditory System GRC. 


BACTERIAL CELL SURFACES 
Jun 27 - Jul 2, 2010 
Colby-Sawyer College, New London, NH 


Corfas) Chairs: Christine Jacobs-Wagner & Jan P M. Tommassen 
« Rewiring Auditory Circuits: Mechanisms of Vice Chairs: Kevin D. Young & Tracy Palmer 

Plasticity 

(Ruth Litovsky / Will de Bello / Patrick Kanold / Takao « Peptidoglycan 

Hensch) (Jeff Errington / Eefjan Breukink / Waldemar Vollmer 
« The Assembly and Function of Ascending / Simon Foster) 

Pathways « Outer Membrane 


(Eric Young / Robin Davis / Steve Maricich / Christine 
Portfors / Karl Kandler / George Pollak) 

Stem Cells and Neural Prostheses 

(Donna Fekete / Neil Segil / David Raible / John 
Middlebrooks / John Brigande) 

Synaptic Transmission in Auditory Circuits 
(Ana Belen Elgohyen / Paul Manis / lan Forsythe / 
Paul Fuchs / Tobias Moser / Dwight Bergles) 
Modulation of Auditory Function 

(Ed Rubel / Ana Belen Elgohyen / Brett Schofield / 
Alan Palmer) 


(Natividad Ruiz / Jorg Kleinsmidt / Alessandra Polissi 
/ Mamadou Daffé / Thomas Silhavy) 

e Signal Sensing and Transduction 
(Richard Losick | Sean Crosson / Caroline Harwood / 
Roberto Kolter) 

© Cell Morphogenesis 
(Yves Brun / Kit Pogliano / Josh Shaevitz / Jeff 
Errington) 

© Cell Envelope Stress and Periplasm 
(Thomas Silhavy / Robert Sauer / Carol Gross / 
Gisela Storz) 
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The transport of Texas Red from the surrounding cerebrospinal fluid space 
into a central blood capillary across rat choroid plexus epithelial cells. The 
image was taken by confocal laser scanning microscopy from ex vivo viable 
tissue. Submitted by Gert Fricker and Valeska Reichel, Chairs, Barriers of 
the CNS GRC/GRS. 


BARRIERS OF THE CNS 
Blood/Brain Interfaces In He: 
Jun 20-25, 2010 
Colby-Sawyer College, New London, NH 
Chair: Gert Fricker 

Vice Chair: Quentin Smith 


« Keynote Presentations: The Blood/CNS Barriers 
and Beyond 

(Gert Fricker / David S. Miller / William Elmquist) 
Developmental Biology and Aging at the Cerebral 
Vascular System - Early and Late Stages of Aging 
(Bersilav V. Zlokovic, Hans-Christian Bauer / Norman 
Saunders / Daniel Anthony / Daniela Virgintino / Whei 
Zeng / Zinaida Vexler) 

Tight Junction Molecules and Signalling at the 
BBB 

(J6rg Piontek, Tom Davis / Elisabetta Dejana / David 
Antonetti / Anuska Andjelkovic / Carola Foerster / 
Patrick Ronaldson) 

Blood/CNS Barriers in Inflammatory and 
Infectious Disease States 

(Weihong Pan, Pierre Olivier Couraud / Yuri Persidsky 
/ Elga de Vries / Gary Rosenberg / Monique Stins / 
Steven Jones / Pierre Olivier Couraud) 

Blood/CNS Barriers in Metabolic/Genetic 
Diseases 

(Hans Joachim Galla / Y. Liu / Akihito Urayama / Sven 
Sauer / Volker Gieselmann / Jason Huber) 

BBB Changes in Stroke, Trauma and Epilepsy 
(Heidrun Potschka / Adam Chodobski / Damir Janigro 
/ Alon Friedman / Marilyn Cipolla / Felix Schlachetzki / 
Tom Abbruscato) 


_ NEW! BARRIERS OF THE CNS (GRS) 


u jiology and Regulation of the Blood- 
Barrier / Choroid Plexus 
r O b is gea / Patrizia 
Ferretti / Fderica Sallusto / Nathalie Strazielle / 
Patricia D'Amore / Tetsuya Terasaki) 
ter Function and Regulation at the Blood 


Nicolazzo / David Smith / Xavier Descleves / Martha 
O'Donnell / Quentin Smith / Michal Toborek) 

BBB from an Industrial Perspective / Drug 
Delivery to the CNS 

(Andreas Reichel / Jérg Kreuter / Reinhard 
-Gabathuler / Svetlana Gelperina / Margareta 
‘Hammarlund-Udenas / Haojing Rong) 


Jun 19-20, 2010 
Colby-Sawyer College, New London, NH 
Chairs: Valeska Reichel & Kunal Taskar 


The Gordon-Kenan Research Seminar on Barriers 

Of The CNS is a unique forum for graduate students, 
post-docs, and other scientists with comparable levels 
of experience and education to present and exchange 
new data and cutting edge ideas. The focus of this 
meeting is to encourage young researchers exploring the 
field of blood-brain interfaces to display their research 
and methods they use and interact and gain valuable 
knowledge from the experts in this field. “Barriers of the 
CNS" is a platform where exhibiting research related to 
the CNS and its various barriers will lead to exchange 
of ideas and methodical approaches and eventually 
enhance the research in this field. 


« Speakers: To be selected from submitted abstracts 

e Discussion Leaders: Danica Staminirovic, Elisabeth 
de Lange, Hans-Joachim Galla and David Miller 

« Keynote Speakers: Joan Abbott 


BIOANALYTICAL SENSORS 

Jun 20-25, 2010 

Colby-Sawyer College, New London, NH 
Chairs: Antje J. Baeumner & Weihong Tan 
Vice Chair: Steven A. Soper 


« Keynote Presentations: At the Forefront of 
Bioanalytical Sensors 
(Antje Baeumner | Chad Mirkin / Anthony Turner) 
« Biosensors with Electrochemical Detection 
(Richard Durst / Susan Lunte / Mark Reed / Henry 
White / Ingrid Fritsch) 
Nanoparticles and Nanowires 
(Weihong Tan / Reginald Penner / Mostafa El-Sayed / 
Hongyuan Chen) 
« Biosensors Addressing Unique Challenges 
(William Heineman / Paul Yager / Frances Ligler / 
Chris Lowe / Raoul Kopelman) 
Biosensors: Development for Commercial Use 
and Fundamental Research 
(David Walt / Aleksandr Simonean / Peng Zhou / 
Shawn Mulvaney) 
Engineered Molecules for Optical Biosensors 
(Yi Lu/ Sylvia Daunert / Nicholas Turro / Xianen 
Zhang / Paul Cremer) 
« Young Investigators: New Approaches in 
Biosensing 
(Zeev Rosenzweig / Angelika Niemz / Ryan Bailey / 
Yong Wang / Oliver Geschke) 
¢ Microfluidics for Biosensors 
(Steven Soper / Andreas Manz / Takehiko Kitamori / 
Anthony Cass / Brian Kirby) 


e New Approaches for Biosensing 
(Chris Taitt / Charles Martin / Lo Gorton / Nancy 
Albritton) 


NEW! BIOANALYTICAL SENSORS (GRS) 

Jun 19-20, 2010 

Colby-Sawyer College, New London, NH 

Chairs: Esther W. Gomez & April K.Y. Wong 
Vice Chairs: Sarah E. Brunker & Aytug Gencoglu 


The Gordon Research Seminar on Bioanalytical Sensors 
is a unique forum for graduate students, post-docs, and 
other scientists with comparable levels of experience 
and education to present and exchange new data and 
cutting edge ideas. The focus of this meeting will be on 
fundamental and applied bioanalytical sensor research. 
Presentations and discussions will address novel 
molecular recognition strategies, signal transduction and 
platform development, supporting technologies (including 
microfluidics and nanotechnology), and real-world 
detection/diagnosis. 


Speakers: To be selected from submitted abstracts 
Discussion Leaders: Esther Gomez, April Wong, Sarah 
Brunker and Aytug Gencoglu 


BIOCATALYSIS. 

Jul 11-16, 2010 

Bryant University, Smithfield, RI 

Chairs: Uwe T. Bornscheuer & Jeffrey C. Moore 
Vice Chairs: Stefan Lutz & Hans-Peter Meyer 


¢ Trends in Biocatalysis 
(Jeffrey Moore / David Baker) 
« Catalytic Promiscuity 
(Romas Kazlauskas / Florian Hollfelder / Joseph P. 
Noel / Daniel Herschlag / Marco Fraaije) 
Enzyme Discovery and Applic: 
(Stefan Lutz / Donald Hilvert / Michael Breuer / 
Jiirgen Eck / Paul Kamer) 
Engineering: Concepts and Tools 
(Jiri Damborsky / Haruyuki Atomi / Henk-Jan Joosten 
/ David Estell) 
Applied Protein Engineering 
(David Baker / Dick Janssen / Jiri Damborsky / Chris 
Savile) 
Biocatalytic Routes to Chiral Amines and 
Alcohols 
(Uwe Bornscheuer / Oliver May / Greg Hughes / 
Andreas Bommarius) 
Enzymes in Organic Synthesis | 
(Hans-Peter Meyer / Carlos Martinez / Mei-Xiang 
Wang / Jason Micklefield / Kenji Miyamoto) 
Multiple Enzyme Reactions: Cascade Reactions 
and Pathway Engineering 
(Andreas Bommarius / Paul Dalby / Harald Gréger / 
Byung-Gee Kim) 
e Enzymes in Organic Synthesis II 
(Oliver May / Wolfgang Kroutil / Stephan Litz) 


BIOELECTROCHEMISTRY 

The Complex Membrane In The Electric Field 
Jul 11-16, 2010 

University of New England, Biddeford, ME 
Chair: Julie Gehl 

Vice Chair: Christine E. Pullar 


e Electroporation at the Membrane Level I: 
Membrane Demolition and Repair 
(Lluis M. Mir / Justin Teissie / Raphael Lee) 
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e Electroporation at the Membrane Level Il: Phase 
Transitions, Molecular Restructuring and Bilayer 
Reorganization 
(Rumiana Dimova | Thomas Heimburg / Peter 
Tieleman / Thomas Vernier) 

¢ The Molecular Basis for the Generation of 
Bioelectric Fields and How They Guide Cell 
Migration in Wound Repair 
(Francis Hart / Min Zhao / Richard Nuccitelli) 

e Electrotransfer to Bone, Skin and Lung Tissue 
(Marie-Pierre Rols | Mattia Ronchetti / Anita Gothelf / 
David Dean) 

« Photochemical Magnetic Sensing: From Bird 
Orientation to Cryptochrome Photoreceptors 
(Thorsten Ritz / Henrik Mouritsen / Margaret Anmad) 

¢ Gene Electrotransfer for Clinical Use 
(Maja Cemazar / Richard Heller / David Weiner) 

e Bioelectricity in Development and Regeneration 
(Colin McCaig / Ann Rajnicek / Mike Levin) 

© Hot Topics 
(Christine Pullar | Francis Lin) 


NEW! BIOELECTROCHEMISTRY (GRS) 
Jul 10-11, 2010 

University of New England, Biddeford, ME 
Chairs: Pernille Hojman & Bethany Foreman 


The Gordon-Kenan Research Seminar on 
Bioelectrochemistry is a unique forum for graduate 
students, post-docs, and other scientists with comparable 
levels of experience and education to present and 
exchange new data and cutting edge ideas. The focus of 
this meeting is the interplay between electric fields and 
biological matter, ranging from the basics of membrane 
permeabilisation to medical application for e.g. cancer 
treatment and wound healing. 


e Speakers: To be selected from submitted abstracts 

« Discussion Leaders: Richard Nuccitelli and David 
A. Dean 

« Keynote Speakers: Lluis M. Mir 


NEW! BIOINTERFACE SCIENCE 

Sep 5-10, 2010 

Les Diablerets Conference Center, Les Diablerets, 
Switzerland 

Chair: Phillip B. Messersmith 

Vice Chair: Wolfgang Knoll 


Theory, Computation and Modeling of 
Biointerfaces 

(/gal Szleifer / Samuel Safran / Juan DePablo) 
Interfacial Phenomena in Crystallization of 
Biomolecules and Minerals 

(Willi Jahnen-Dechent | Lia Addadi / Peter Davies / 
David Thompson) 

Single Molecule Biophysics 

(Piotr Marszalek / Julio Fernandez / Peter 
Hinterdorfer) 

Supported Membranes and Membrane Proteins 
(Nick Melosh / Eva Sinner / Kalina Hristova / Michael 
Mayer) 

Mechanochemistry and Biological Adhesion 
(Haeshin Lee / Herbert Waite / Julius Vancso) 
Microbiology / Biofilms 

(David Grainger / Matthew Parsek / Henk Busscher / 
Douglas Weibel) 

Biolubrication 

(N. Spencer) 

Interfaces of Proteins and Cells with Materials 
(Matthias Lutolf / Marcus Textor / Jeff Hubbell / 
Krystyn Van Vliet) 

Electrified Biointerfaces 

(Gabriel Lopez / \tamar Willner / Omar Azzaroni) 


BIOMINERALIZATION 

Aug 15-20, 2010 

Colby-Sawyer College, New London, NH 
Chair: Lia Addadi 

Vice Chair: Peter Fratzl 


From Architecture to Function 

(William J. Landis / Steve Weiner / Henrik Birkedal) 
Mineral Phases and Mineral Growth Mechanisms 
(Peter Fratzl | Jim deYoreo / Andrzej Wierzbicki / 
Fiona Meldrum / Colin Brownlee) 

Pathological Aspects of Biological Crystallization 
(Marc McKee / Howard Kruth / Linda Demer) 
Transient Mineral Precursor Phases 

(Irit Sagi / Marc Grynpas / Helmut Colfen / Jens. 
Rieger) 

Protein/Mineral Interactions 

(Yoshi Endo / Hiromichi Nagasawa) 

Bio-Inspired Nano-Fabrication 

(Trevor Douglas / Joanna Aizenberg / Lara Estroff / 
Shu Hong Yu) 

Mineralization Mechanisms 

(Elaine DiMasi | P.U.P.A. Gilbert / Oskar Paris) 
Cellular and Matrix Controls on Mineralization 
(Malcolm Snead / Benny Geiger / Bjorn Olsen / Brian 
Cox / Sunita Ho) 

Keynote Presentation 

(Fred Wilt) 


BIOORGANIC CHEMISTRY 

Jun 13-18, 2010 

Proctor Academy, Andover, NH 

Chairs: Christine S. Chow & Arthur M. Hanel 

Vice Chairs: Timothy M. Dore & Rami N. Hannoush 


New Perspectives in Biological Catalysis 

(Irene Lee / Squire Booker / Kate Carroll / Joanne 
Stubbe) 

Novel Methods and Chemical Tools 

(Erin Carlson / Gang-yu Liu / Alan Saghatelian / Kay 
Ahn) 

Bacteria: Friend or Foe 

(Michelle Chang / Shahriar Mobashery) 

DNA Repair and Therapeutics 

(Penny Beuning / Sheila David / Amanda Bryant- 
Friedrich / Theresa Reineke) 

Remodeling Protein Function . 
(Minkui Luo / Jennifer Otteson / Hening Lin / Carol 
Fierke) 

Molecular Switches 

(Beatrix Suess / Justin Gallivan / Dirk Trauner) 
Chemical Biology of Disease 

(Stephanie Leavitt / Thomas Hermann / Michael Gelb) 
Design, Develop, Discover 

(Samy Meroueh / Allen Ebens / Dustin Maly / Ken 
Houk) 

Frontiers in Bioorganic and Medicinal Chemistry 
(Andrew Judd / Paul Wender) 


BIOPOLYMERS 

From Folding And Function To Engineering 
And Design 

Jun 6-11, 2010 

Salve Regina University, Newport, RI 

Chairs: Dorothy Beckett & Michael H. Hecht 
Vice Chair: Angel E. Garcia 


« Keynote Presentation: Intrinsically Disordered 
Proteins 
(Peter Wright) 


RNA Structure, Folding, and Function 

(Eric Westhof / Adrian Ferre D'Amare / Juli Feigon / 
Lois Pollack) 

Molecular Machines 

(Steve Block / Taekjip Ha / Enrique M. De La Cruz) 
Biopolymers by Design 

(Alanna Schepartz / Shohei Koide / Phil Bryan / Ned 
Seeman) 

Membrane Proteins: Structure, Folding and 
Function 

(Jim Bowie / Dan Rosenbaum / Katherine Henzler- 
Wildman) 

Binding, Allostery and Dynamics 

(Carol Post / Gideon Schreiber / lvet Bahar / 
Charalampos Kalodimos) 

Proteins from Birth to Death 

(George Lorimer / Ada Yonath / Olke Uhlenbeck / Bob 
Sauer) 

Amyloid (Death by Misfolding) 

(Michele Vendruscolo / Jean Baum / Rob Tycko / 
Jijun Dong) 

Folding: In Vitro and In Vivo 

(Gary Pielak / Harold Scheraga / Jasna Brujic) 


Model of an engineered transaminase for synthesis of diabetes drug 
sitagliptin, Courtesy of Codexis, Submitted by Jeffrey C. Moore, Chair, 
Biocatalysis GRC. 


BRAIN ENERGY METABOLISM & BLOOD FLOW 
Aug 22-27, 2010 

Proctor Academy, Andover, NH 

Chair: Albert Gjedde 

Vice Chair: Joseph C. Lamanna 


Modelling of Metabolic Compartmentation in 
Brain 

(Daniela Calvetti / Renaud Jolivet / lan Simpson) 
Energy Demands of Information Process! 

(Jean Rossier / Anthony Hudetz / Peter Herman / 
Clare Howarth) 

Mitochondrial Fission / Fusion and Mitochondrial 
Disorders 

(Bjorn Quistorff / Ella Bossy-Wetzel / Xiongwei Zhu) 
Oxygen Detection and Mapping 

(David Wilson / Sergei Vinogradov / Oliver Kann / 
Chris Cooper) 

Resting States, Hypothermia and Other Low 
Energy States 

(Ute Lindauer / Bharat Biswal / Richard Briggs / Jack 
de la Torre) y 
Neurovascular Coupling 

(Hongtao Ma / Maria Angela Fran 

Grant / Clotilde Lecrux) c 

Synaptic Activity, Calcium Waves 


(Karl Kasischke / Helle Waage| 
Bonvento / Ray Koehler) 
Functional Mapping 


(Gulin Oz / Simon Grahi 
Serge Charpak) 
Keynote Presentz 
Maintenance in Aging 
(Vilhelm Bohr) 
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py image reveals "ruffling" of a rat basophilic 

ictures of antigens underneath (to be 

sented at the 2010 Bioorganic Chemistry GRC by Deng, Weng, Chen, 

\d G.-Y. Liu, from Univ. of California, Davis with art design by Dr. 

Suzi Tucker, Seattle, WA, in conjunction with C. Chow, Wayne State Univ.) 
Submitted by Christine S. Chow, Chair, Bioorganic Chemistry GRC. 


CARDIAC REGULATORY MECHANISMS 

New Concepts in Ca Compartments and 
Cardiac Signaling 

Jun 6-11, 2010 

Colby-Sawyer College, New London, NH 

Chair: Joan Heller Brown 

Vice Chairs: Elizabeth Murphy & Karin R. Sipido 


« SR Ca Storage and Release 

(Larry Jones / David Eisner / Ana Maria Gomez / 
Sandor Gy6rke / Yang Xiang) 

Role of Mitochondria in Ca Regulation and Cell 
Survival 

(Jeffery Molkentin / Lothar Blatter / Robert Balaban 

/ Elizabeth Murphy / Gyérgy Hajnéczky/ Christoph 
Maack) 

Role for InsP, in Hypertrophy and Arrhythmias 
(Donald Bers / Martin Bootman / Elizabeth Woodcock 
/ Ju Chen) 

Role of Endoplasmic Reticulum in Cardiac Signal 
Transduction 

(Jeffrey Robbins / Chris Glembotski / Yibin Wang / 
Gerald Dorn / Litsa Kranias) 

Cardiomyocyte Signaling Pathways and Disease 
(Susan Steinberg / Martin Lohse / Gianluigi Condorelli 
/ Walter Koch / Julie Bossuyt) 

Signaling Through Cardiomyocyte Compartments 
and Scaffolds 

(Meredith Bond / Donald Bers / Manuela Zaccolo 

/ Peter Mohler / Timothy O'Connell / Masahiko 
Hoshijima / Graeme Carnegie) 

Arrhythmias and Pacemaker Control 

(Rui Ping Xiao / Mark Anderson / James Weiss / Bjorn 
Knollman / Xander Wehrens) 

Ca Regulation and Functional Responses 

(Jon Lederer / Henry Colecraft / Steven Houser / 
Thomas Eschenhagen / Cecilia Mundifia Weilenmann 
/ Jeffrey Saucerman / Jon Satin / Joshua Goldhaber) 
Keynote Presentation: Genetic Dissection of 
Reactive Signaling Calcium in the Heart 

(Jeffery Molkentin) 


CATALYSIS 

Jun 27 - Jul 2, 2010 

Colby-Sawyer College, New London, NH 
Chair: Abhaya K. Datye 

Vice Chair: Bruce R. Cook 


Alternative Feedstock for Fuels and Chemicals 

(Robert Farrauto / George Huber / Brent Shanks) 

Novel Catalytic Materials 

(Eric Lowenthal / Robert Schldgl / Levi Thompson / 

Anne Gaffney) 

3D Characterization of Catalysts 

(Abhaya Datye / Fleming Besenbacher / Paul 

Midgley) 

Spectroscopy 

(Peter Stair / Leon Lefferts / Clare Grey / Chris 

Williams) 

Insights Into Catalysis Through Theory 

(Mark Barteau / Matthias Scheffler / Bill Schneider) 

The Science of Catalyst Synthesis 

(Scott Mitchell / John Regalbuto / Dan Shantz / Helge 

Toufar) 

« Engineering of Catalysts for Exceptional Stability 
(Bob McCabe / Hirohisha Tanaka / Gabriel Veith) 

« Surface Science 

(Galen Fisher / |b Chorkendorff / Chuck Peden / 

Charlie Campbell) 

Future Perspectives 

(W. Curt Conner / Johannes Schwank / Wayne 

Goodman) 


CELL BIOLOGY OF THE NEURON 

Jun 27 - Jul 2, 2010 

Waterville Valley Resort, Waterville Valley, NH 
Chairs: Yishi Jin & Timothy A. Ryan 

Vice Chairs: Kelsey Martin & Peter Scheiffele 


« Keynote Presentation 

(Pietro De Camilli) 
« Presynaptic Machinery 
(Erik Jorgensen / Matthijs Verhage / Ed Chapman / 
Janet Richmond / Eckhart Gundelfinger) 
Synapse Assembly 
(Yishi Jin / Noam Ziv / Peter Scheiffele / Mei Zhen / 
Nils Brose) 
Modulation of Synapse Function | 
(Tim Ryan / Josh Kaplan / Erin Schuman / Kelsey 
Martin / Grae Davis) 
Postsynaptic Machinery 
(Erin Shuman / Mark von Zastrow / Mike Ehlers / 
Daniel Choquet) 
Modulation of Synapse Function Il 
(Kelsey Martin / Yuki Goda / Robert Edwards / Sam 
Kunes) 
Advanced Microscopies Applied to Neuronal Cell 
Biology 
(Mike Ehlers / Stefan Sigrist / Xiaowei Zhuang / Tom 
Blanpied / Ryohei Yasuda) 
lon Channels 
(Peter Scheiffele / Darwin Berg / Villu Maricg / 
Annette Dolphin / Kim Raab-Graham) 
Transport and Dynamics 
(Grae Davis | Tom Schwarz / Holly Cline / Lou 
Reichardt / Deanna Benson) 


CELL DEATH 

Aug 22-27, 2010 

Salve Regina University, Newport, RI 
Chair: Richard J. Youle 

Vice Chair: John M. Abrams 


Keynote Speakers: Introducing the Cutting Edge 
Questions 

(Karen Vousden / Guy Salvesen / Xiaodong Wang) 
Cell Death Mechanisms 

(Vishva Dixit | Sally Kornbluth / Hyung Don Ryoo / 
Pascal Meier) 

Bcl-2 Family Mechanisms 

(Doug Green / David Andrews / Nico Tjandra / David 
Huang) 

Alternate Programmed Death Pathways and 
Autophagy 

(Eric Baehrecke / Junying Yuan / Kim McCall / Monica 
Driscoll / Eileen White / Mike Lenardo) 

Metabolism and Signaling 

(Sally Kornbluth / Jeff Rathmell / Eric Baehrecke / 
Vishva Dixit) 

Mitochondrial Dynamics and Cell Death 

(Marie Hardwick / Don Newmeyer / Barbara Conradt / 
Jean-Claude Martinou / Jodi Nunnari) 

Late Breaking Topics 

¢ Cancer and Treatment 

(Eileen White / Wayne Fairbrother / Kevin Ryan / 
Huseyin Mehmet / Matthew Bogyo / Anthony Letai) 
Immunity and Disease 

(Mike Lenardo / Philippe Bouillet / Craig Walsh) 


Polarized light micrograph of a Tuebingen long fin zebrafish (Danio rerio) 
caudal fin bones. The fin is supported by skeletal bony elements, which 
are used as a model to study skeletal bone formation processes in a 
spatially and temporally resolved system. Submitted by Lia Addadi, Chair, 
Biomineralization GRC. 


CELLULAR & MOLECULAR FUNGAL BIOLOGY 
Jun 13-18, 2010 

Holderness School, Holderness, NH 

Chairs: Michelle Momany & John Taylor 

Vice Chairs: Alex Andrianopoulos & Judith Berman 


e Systems Biology 
(Judy Berman / Tim Galitski / Brenda Andrews / Aviv 
Regev / Clay C.C. Wang) 

e Fungi and Cellulosic Biomass 
(Scott Baker / Adrian Tsang / Jonathan Walton / 
Shauna Somerville / Louise Glass / Dan Cullen / Paul 
Harris) 

° Small RNAs 
(Don Nuss / Jim Carrington / Yi Liu / Jason Stajich / 
Xuemin Zhang) 

e Population Genomics 
(Jim Anderson / Eva Stukenbrock / Rachel Brem / 
Bridget Barker / Jan Stenlid / Dawn-Anne Thompson / 
Chris Todd Hittinger) 

e Symbioses 
(Tom Bruns / Lee Taylor / lan Sanders / Betsy Arnold 
/ Georgiana May) 
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« Pathogenesis 5 
(Barbara Valent | Jennifer Lodge / Tamara Doering / 
Alexandra Brand / Nick Talbot / Regine Kahmann / 
Timothy Friesen) . 

e Membrane Trafficking and Polarity 
(Greg Jedd / Meritxell Riquelme / Miguel Pefalva / 
Steve Harris / Rong Li) 

e Cytoskeleton and Motors 


RNA in Regulation 

(Julie Cooper, Robin Allshire | Jeannie Lee / Hiten 
Madhani / Danesh Moazed / Robin Allshire) 
Dosage Compensation 

(Thomas Jenuwein, Edith Heard / Peter Becker / 
Edith Heard / Barbara Meyer) 


(Berl Oakley / Samara Reck-Peterson / Amy 
Gladfelter / Reinhard Fischer / Gero Steinberg / 
Michael Feldbriigge / Bo Liu) 

« Hot Topics Selected from Poster Abstracts 
(Judy Berman, Alex Andrianopoulos) 


COMPUTATIONAL CHEMISTRY 
Aug 29 - Sep 3, 2010 
Les Diablerets Conference Center, Les Diablerets, 


Switzerland 
Chair: Walter Thiel 
Vice Chair: Julia E. Rice 


CERAMICS, SOLID STATE STUDIES IN 
Fundamental Phenomena In Energy Applications 
Aug 15-20, 2010 

Colby-Sawyer College, New London, NH 

Chair: John W. Halloran 

Vice Chair: Martha Mecartney 


Oxides in Batteries | 

(Bart Bartlett / Linda Nazar / Gerd Ceder) 

Oxides in Batteries II 

(Tabbetha Dobbins, Wei Lai / Jean-Marie Tarascon / 
Jeff Dahn / Shirley Meng) 

Photovoltaics 

(Ivar Reimanis | Alexander G. Agrios / David 
Eaglesham) 

Oxides in Electrochemical Energy Systems 
(Monika Backhaus, Dan Mumm / Mogens Mogensen / 
Grover Coors / Meilin Liu) 

Solar Photolysis and Photovoltaics 

(Lynette Masden / Greg Rohrer / Lane Martin) 
Electrochemical Storage and Generation 

(Edgar Lara-Curzio / Yury Gogotsi/ Bruce Dunn/Eric  « 
Wachsman) 

Oxides in Batteries Ill 

(Robert Klie / Yet-Ming Chiang / Anton Van der Ven) 


Keynote Presentation: Biomolecular Simulation 
(Walter Thiel / Martin Karplus / Wilfred van 
Gunsteren) 

Quantum Methods, Density Functional Theory 
(Christian Ochsenfeld / Stefan Grimme / Gustavo 
Scuseria / Joost VandeVondele) 

Force Fields, Molecular Dynamics 

(Jay Ponder / David Case / Helmut Grubmiiller) 
Multiscale Modeling, QM/MM Methods 

(Hans Martin Senn / Qiang Cui / Florian Miller- 
Plathe) 

Drug Discovery, Docking, Bioinformatics 
(Holger Gohlke / Michael Gilson / Matthias Rarey) 
Free Energy Methods, Statistics, Sampling 
(Bill Swope / Chris Chipot / Weitao Yang) 
Industrial Applications of Computational 
Chemistry 

(Alice Glattli / Jed Pitera / Jan Sch6neboom) 
Spectroscopy, Excited States 

(Vincenzo Barone / Andreas Dreuw / Todd Martinez / 
Frank Neese) 

Reactions 

(Julia Rice / Adrian Mulholland / Karsten Reuter) 


Energy Storage, Harvesting, and Sustainability 
(Nitin Padture / Jihui Yang / Trudy Kriven / Jay 
Whitacre) 

Ceramics in Nuclear Energy 

(John Halloran / Alexandra Navrotsky) 


CORRELATED ELECTRON SYSTEMS. 
Jun 13-18, 2010 
Mount Holyoke College, South Hadley, MA. 


Chairs: Sudip Chakravarty & Dmitri N. Basov 
Vice Chairs: Eva Y. Andrei & Steven A. Kivelson 


CHROMATIN STRUCTURE & FUNCTION 
Jul 25-30, 2010 

Bryant University, Smithfield, RI 

Chair: Robert Kingston 

Vice Chair: Genevieve X. Almouzni 


« Histone Variants 

(Bob Kingston, Genevieve Almouzni / C. David Allis / 
Karolin Luger / Steve Henikoff) 

Enzymes that Work on Chromatin 

(Peter Becker, Geeta Narlikar / Brad Cairns / Geeta 
Narlikar / Tim Richmond / Jerry Workman) 
Regulation of And by Covalent Marks 

(David Allis, Shelley Berger / Sharon Dent / Yang Shi / 
Shelley Berger / Ali Shilatifard) 

Higher Order Structures 

(Bob Kingston, Wendy Bickmore / Daniela Rhodes / 
Wendy Bickmore / Thomas Jenuwein) 

Silencing Mechanisms 

(Barbara Meyer, Giacomo Cavalli / Vicki Chandler / 
Giacomo Cavalli / Juerg Muller / Shiv Grewal) 

DNA Methylaton and Regulation 

(Steve Henikoff, Anjana Rao / Michael Green / Anjana 
Rao / Yi Zhang) 

Replication, Mitosis and Nuclear Landmarks 
(Genevieve Almouzni, Gary Karpen / Dave Gilbert / 
Toshi Tsukiyama / Gary Karpen / Julie Cooper) 


Topology in Condensed Matter Physics 

(Joel Moore / M. Zahid Hasan / Aharon Kapitulnik / 
Shoucheng Zhang / F. Duncan M. Haldane) 
Quantum Hall Interferometry and Non-Abelian 
Statistics 

(Kirill Shtengel / Robert L. Willett / Chetan Nayak / 
Amir Yacoby) 

New Horizons in Quantum Criticality 

(Qimiao Si/ Stuart Brown / Silke Buehler-Paschen / 
Philip Phillips / Joerg Schmalian) 

New Developments | 

(N. Peter Armitage) 

Cuprate Superconductivity 

(Greg Boebinger / Cyril Proust / Eric Hudson / Adam 
Kaminski / Catherine Kallin) 

Metal-Insulator Transition 

(Nandini Trivedi / Andrea Cavalleri / Martin Dressel / 
Vladimir Dobrosavijevic) 

Quantum Effects in Conductivity 

(Elihu Abrahams / Ania Claire Bleszynski / Arthur F. 
Hebard / Daniel Tsui) 

Dirac Quasiparticles 

(Daniel Arovas / Alessandra Lanzara / Jeanie Lau / 
Antonio Castro Neto / Klaus Ensslin) 

New Developments II 

(David Mandrus / Brian Maple / Kathryn A. Moler) 


CORROSION - AQUEOUS 

Jul 25-30, 2010 

Colby-Sawyer College, New London, NH 
Chair: Roger C. Newman. 

Vice Chair: David W. Shoesmith 


Advances in Modeling 

(Mira Todorova / Philippe Marcus) 

e Environment Assisted Cracking | 

(Shinji Fujimoto / Alan Turnbull / Koji Arioka) 
Interfaces with Other Disciplines 

(Tim Burstein / Barbara Shaw / Mary Ryan) 
Energy Systems 

(Martin Stratmann / Karl Sieradzki / Gunnar Hultquist) 
Environment Assisted Cracking II 

(Thierry Couvant / Narasi Sridhar) 

Polymers, Coatings and Molecular Phenomena 
(Alison Davenport /| Guido Grundmeier / Steven 
Baldelli / Thomas Devine) 

Infrastructure 

(Harry Tsaprailis | David Trejo) 

Young Investigator Presentations: The Best of 
the GRS 

(Markus Valtiner) 

Corrosion Mechanisms and Light Metals 
(Jingli Luo / Nick Birbilis) 

Heritage 

(David Shoesmith / David Watkinson) 


NEW! CORROSION - AQUEOUS (GRS) 
Corrosion Science - Progress In Experimentation 
And Modeling 

Jul 24-25, 2010 

Colby-Sawyer College, New London, NH 

Chairs: Haralampos Tsaprailis & Markus Valtiner 


The Gordon Research Seminar on Corrosion - Aqueous 
is a unique forum for graduate students, post-docs, and 
other scientists with comparable levels of experience and 
education to present and exchange new data and cutting 
edge ideas. The focus of this meeting is on: advances 

in mathematical modeling of corrosion and protection; 
understanding and controlling environmentally assisted 
cracking; degradation and protection of non-metallic 
materials and coatings; interfaces of corrosion science 
with other disciplines; and corrosion issues in energy 
technologies and sustainability. 


« Speakers: To be selected from submitted abstracts 
« Discussion Leaders: To be selected from submitted 
abstracts 


visit the frontiers of science... go toa gordon conference! (www.grc.org) 
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The image tries to capture the meaning of spatial periodicity, which is the 
essence of the crystalline state. It illustrates some of the themes that will 
be covered in the Crystal Engineering GRC: the engineering of organic 
structures exemplified by the molecular ladder, the cuboctahedron which 
typifies metal organic frameworks, and the chicken wire net representing 
two dimensional structures and the stars are a look to the future. Submitted 
by Gautam R. Desiraju, Chair, Crystal Engineering GRC. 


NEW! CRYSTAL ENGINEERING 

Jun 6-11, 2010 

Waterville Valley Resort, Waterville Valley, NH 
Chair: Gautam R. Desiraju 

Vice Chair: Robin D. Rogers 


e Organic Design Strategies 
(Michael J. Zaworotko / James D. Wuest/ Lourdes 
Infantes) 
Coordination Polymers (Structure) 
(Myunghyun P. Suh/ Richard Robson / Xiao-Ming 
Chen / Jeffrey R. Long) 
Coordination Polymers (Function) 
(Matthew J. Rosseinsky / Gerard Férey / Susumu 
Kitagawa) 
Polymorphism and Crystal Structure Prediction 
(Joel Bernstein / Colin Pulham / Adam J. Matzger / 
Sally Price) 
¢ Crystallization Fundamentals 
(Allan S. Myerson / Peter Vekilov / Roger Davey) 
Process Chemistry and Scale-Up 
(Pharmaceuticals) 
(Orn Almarsson / Matthew Peterson / Vincenzo Liotta 
/ Magali Hickey / Pat Connelly) 
Organic Reactions in the Solid State 
(Leonard R. MacGillivray | J. Narasimha Moorthy / 
Gerd Kaupp) 
« 2D Crystal Engineering 
(Neil Champness / Steven DeFeyter / Paolo Samori) 
« The Future: Frontiers in Crystal Engineering 
(Dario Braga | Marcus Neumann / Janet Scott / 
Kumar Biradha / Peter Erk) 


CLIC NUCLEOTIDE PHOSPHODIESTERASES 
New Discoveries Relevant To Cell Function, 
Pathophysiology, And Drug Discovery 

Jun 13-18, 2010 

Waterville Valley Resort, Waterville Valley, NH 
Chairs: James M. O'Donnell & Thomas Seebeck 
Vice Chairs: John D. Scott & Kjetil Tasken 


« Keynote Presentation: Molecular and Cellular 
Insights into the Function of PDE4 
(Joe Beavo / Miles Houslay) 
PDEs in the Central Nervous System | 
(Anthony West / Nick Brandon / Damien Pearse / 
Guadalupe Mengod) 
PDEs in the Central Nervous System II 
(Nick Brandon / Akira Sawa / Carol D’Sa / Han-Ting 
Zhang) 
« PDEs in Lower Organisms 
(Thomas Seebeck / Michael Pollastri / GeertJan 
Sterk) 
« PDEs in Cell Function and Regulation | 
(Kjetil Tasken | Graeme Bolger / Marco Conti / Gary 
Piazza) 
« PDEs in Cell Function and Regulation II 
(John Scott / Adam Lerner / Thomas Rich / Claire 
Lugnier) 
Structural Determinants of PDE Activity and 
Regulation 
(Sharron Francis | Jackie Corbin / Joachim Schultz / 
Rick Cote) 
« Drug Discovery Efforts Targeting PDEs 


(Frank Menniti / Charles Hoffmann / Chang-Guo Zhan 


/ Candace Parchen) 
« PDEs in the Cardiovascular System 


(Don Maurice / Peter Backx / George Baillie / Rakesh 


Kukreja) 


DEFECTS IN SEMICONDUCTORS 
Aug 8-13, 2010 

Colby-Sawyer College, New London, NH 
Chair: Shengbai Zhang 

Vice Chair: Evan R. Glaser 


« sp? Carbon Based-Materials 

(Arkady Krasheninnikov) 
« Zinc Oxide 
(Bruno Meyer / Irina Buyanova / C.H. Park) 
Ill-V Nitrides 
(Sukit Limpijumnong / Christian Wetzel / Tanya 
Paskova / Matthias Bickermann) 
Interface 

(Pat Mooney / Patrick Lenahan) 
« Photovoltaic/Solar Cell Materials 
(Yanfa Yan / Kin Man Yu) 
Extended Defects 
(Matt McCluskey / Yoosuf N. Picard / Sergei 
Maximenko) 
« Novel Detection Method 
(Eugene Haller / Jian V. Li) 
Frontier in First-Principles Defect Theories 
(Chris Van de Walle / Sokrates T. Pantelides / P. 
Rinke) 
« Spin and Defects 
(Martin Brandt / L. Besombes / Olivier Krebs / P. 
Neumann) 
Ferroelectrics 
(R. Ramesh) 
« Nanostructures: Defects and Doping Bottleneck 
(Alexander Efros / Kiyoshi Kanisawa) 
Keynote Presentation 
(Ramesh Bhargava) 


DIFFRACTION METHODS IN STRUCTURAL BIOLOGY 
Jul 18-23, 2010 

Bates College, Lewiston, ME 

Chair: Andrew G.W. Leslie 

Vice Chair: Ana Gonzales 


Macromolecular Structures, Pushing the 
Boundaries 

(Michael Rossmann | Kyoshi Nagai) 

Crystallization and the Diffraction Experiment 
(Zbyszek Dauter / Seth Harris / James Holton / 
Gwyndaf Evans) 

Radiation Damage and Data Collection Strategies 
(Elspeth Garman / Marcus Mueller) 

Synchrotron Developments and Automated Data 
Processing 

(Thomas Schneider / Sean McSweeney / Janet Smith 
/ Graeme Winter / Clemens Vonrhein) 
Complementary Techniques 

(Ana Gonzales / Sriram Subramaniam / Hiro Tsuruta 
/ Carrie Wilmot) 

Structure Solution and Refinement 

(Paul Adams / Randy Read / Garib Murshudov / Tom 
Terwilliger) 

Challenging Problems / Membrane Proteins 
(Martin Caffrey / Stephen White / Venki 
Ramakrishnan) 

Selected Posters and Map Improvement and 
Model Building 

(Tassos Perrakis) 

Future Methods 


DRUG CARRIERS IN MEDICINE & BIOLOGY 
Aug 15-20, 2010 

Waterville Valley Resort, Waterville Valley, NH 
Chairs: Patrick S. Stayton & Philip S. Low 
Vice Chairs: Viadimir R. Muzykantov & 

Joseph M. Desimone 


e Oncology Opportunity Space and Drug Carriers 
(Phil Low / Howard Scher / Henry Kopecek) 
e Intracellular Delivery Barriers and Release 
Strategies 
(Alexander Kabanov / Frank Szoka / Suzie Pun / 
Pieter Cullis) 
Inflammation Opportunity Space and Drug 
Carriers 
(Peter Senter / Bruce Cronstein / Gary Ostroff / Molly 
Shoichet) 
Molecular Targets and Targeting Techologies 
(Tamara Minko | Rakesh Jain / Peter Senter / 
Ashutosh Chilkoti / Sumith Kularatne) 
Nanocarriers in Medicine 
(Pat Stayton / Kazunori Kataoka / Vladimir Torchilin / 
Heather Maynard) 
Shape, Mechanics and Trafficking of Drug 
Carriers 
(Joseph DeSimone / Samir Mitragotri / Dennis 
Discher / Melody Swartz / Jeff Hubbell) 
RNA and Biologics Delivery 
(Muthiah (Mano) Manoharan / Klaus Rajewski / Paul 
Burke / Leaf Huang / Tae Gwan Park / Pam Trail) 
e Molecular Imaging 
(Vladimir Torchilin / Naomi Halas / Go van Dam) 


visit the frontiers of science... go toa gordon conference! (www.grc.org) 
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DRUG METABOLISM 

After Forty Years Of Inquiry: An Era Of Engineered 
Enzymes And Individualized Drug Therapies 

Jul 11-16, 2010 

Holderness School, Holderness, NH 

Chair: Kenneth E. Thummel 

Vice Chair: Scott R. Obach 


e Keynote Presentation: The (R)evolution of 
Translating Pharmacogenomics from Research 
into Clinical Practice 

(Felix Frueh) 

Integrative Approaches to Identify Genetic 
Determinants Responsible for Human Variation in 
Drug Response and Toxicity 

(Erin Schuetz / Andrew Kasarski / Paul Watkins / 
Wolfgang Sadee) 

Epigenetics, CNV, Micro-RNA and their 
Contribution to Drug Metabolism Variability 
(Andrea Gaedigk / Uli Zanger / Xiao-bo Zhong / 
Aiming Yu) 

Biotransformation Mechanisms: New Concepts 
and Understudied Enzymes 

(Jeff Jones / Silke LeimKuhler / Phillip Potter / Dan 
Rock / Bill Atkins) 

Use of Drug Metabolizing Enzymes for 
Therapeutic and Metabolite Synthesis 
Applications 

(Tom Rushmore / Helmut Hanenberg / Nico 
Vermeulen / Tom Rushmore) 

Protein-Protein Interactions that Affect DME 
Function 

(Wayne Backes / Lucy Waskell / Tim Tracy / Alan 
Conley / Wayne Backes) 

Graduate Student and Post-Doc Presentations 
(Henry Strobel) 

Transporter Biology: Impact on Drug Distribution 
and Organ Toxicity 

(Joe Polli / Brian Houston / Chris MacLauchlin / 
Susan Cole / |. David Goldman) 

New Innovations to Overcome Pre-Clinical 
Metabolic Liabilities in Drug Development 
(Larry Wienkers / Scott Harbeson / Robert Lyon / 
Marilou Vanlersel) 


ELECTRODEPOSITION 

Aug 1-6, 2010 

Colby-Sawyer College, New London, NH 
Chair: Peter Searson 

Vice Chair: Andrew A. Gewirth 


Atomic Scale Processes 

(Stanko Brankovic / Olaf Magnussen / Tom Moffat) 
Nucleation and Growth 

(Karen Kavanagh / Kyoung-Shin Choi) 
Nanostructures | 

(Philippe Allongue / John Stickney / Dan Schwartz / 
Walther Schwarzacher / Dimos Poulikakos) 
Nanostructures II 

(Jan Fransaer / Reginald Penner / Manfred Buck) 
Thin Film Deposition 

(Ingrid Shao / Wei-Ping Dow / Giovanni Zangari / 
Gery Stafford) 

Semiconductors 

(Jay Switzer / Yoshiro Fukunaka) 

Energy Conversion and Power Generation 

(Raj Rajeshwar / Miomir Vukmirovic / Jonah 
Erlebacher / Patrik Schmuki / Jean Roncali) 
Junior Faculty Presentations 

(Yaowu Hao / Jeremy Mallet) 


visit the frontiers of science... go toa gordon conference! (ww 


ELECTRON DISTRIBUTION & CHEMICAL BONDING 
Jul 11-16, 2010 

Mount Holyoke College, South Hadley, MA 

Chair: Dylan Jayatilaka 

Vice Chair: Piero Macchi 


The Electron Density in Theory and Practice 
(Paul Ayers / Dietmar Stalke) 

Modeling Interaction Energies 

(Richard Wheatley / Angel Martin Pendas) 

The Role of the Density in Crystal Structure 
Prediction 

(Mark Spackman) 

Electron Distributions in Biology 

(Birger Dittrich | Axel Brunger / Paul Popelier / Sander 
van Smaalen) 

Unpaired Electrons and Joint Refinements 
(Beatrice Gillon / Masahiso Ito) 

Chemical Bonds under Extreme Conditions 
(Artem Oganov / John Tse / Philip Nakashima) 
Relativistic Effects in the Electron Density 
(Markus Reiher) 

Measuring More 

(Philip Coppens / Eiji Nishibori / Ullrich Pietsch) 
Topology or Orbitals: Is Ecumenism Possible? 
(Gernot Frenking / Wolfgang Scherer) 


ELECTRON DONOR-ACCEPTOR INTERACTIONS 
Electron Transfer Processes And Energy Conversion 
Aug 8-13, 2010 

Salve Regina University, Newport, RI 

Chairs: Gerald J. Meyer, Robert J. Cave & 

Maria A. Rampi 

Vice Chairs: James K. McCusker & Bo Albinsson 


« Electron Transfer for Solar Energy Conversion 
(Linda Petaneau / Leif Hammarstrom / Ana L. Moore / 
Ksenija Glusac) 

Spin and Magnetic Field Effects on Electron 
Transfer 

(Joseph E. Subotnik / Kirk Schanze / Felix Castellano 
/ Roberta Sessoli) 

Charge Transfer in Nanoscale Assemblies 

(David H. Waldeck / Paul Alivisatos / Paolo Samori / 
Harry L. Anderson / Emily Weiss) 

Multi- and Coupled- Electron Transfer Reactions 
(Valentin Vullev / Clifford P. Kubiak / Malcolm D.E. 
Forbes) 

Biological and Biologically-Based Energy 
Conversion 

(Bo Albinsson / Christine Kirmaier / David Beratan) 
Ultrafast Charge Transfer Processes 

(Marshall Newton / James McKusker / Todd Martinez 
/ John Asbury) 

Electron Transfers in Novel Environments 
(Sharon Hammes-Schiffer | George M. Whitesides / 
Ed Castner) 

Electron Transfer at Molecular Junctions 

(Maria Michel-Beyerle / Michael Gratzel / Oleg 
Prezdho / Colin Nuckolls / Thomas Hamman) 

Final Thoughts on Electron Transfer and Solar 
Energy Conversion 

(Mark Ratner / Harry B. Gray / Rudy Marcus) 


ELECTRONIC PROCESSES IN ORGANIC MATERIALS 
Jul 25-30, 2010 

Mount Holyoke College, South Hadley, MA 

Chairs: Gregory D. Scholes & Zhenan Bao 

Vice Chairs: George G. Malliaras & Richard H. Friend 


« Organic Photovoltaics | 
(George Malliaras / Peter Peumans / Luping Yu) 


Organic Opto-Electronics | 

(Garry Rumbles / Jean-Luc Brédas / Z. Valy Vardeny) 
Carbon 

(Sergei Tretiak / Michael Strano / David Goldhaber- 
Gordon) 

Biosystems 

(Yuan-Chung Cheng / Bob Silbey / Greg Engel) 
Morphology, Interfaces & Charge Transport 
(Paulette Clancy / Paul Barbara / Alberto Salleo) 
Molecular Electronics 

(Linda Peteanu / Colin Nuckolls / Dan Frisbie) 
Organic Opto-Electronics II 

(Joe Perry /| Takao Someya / Seth Marder) 

Charge Transport & Interfaces | 

(John Marohn / Henning Sirringhaus / Ifor Samuel) 
Energy & Charge Transfer 

(Eric Bittner / Jasper Knoester / Chris Bardeen) 
Organic Photovoltaics II 

(Sean Shaheen / Rene Janssen / Quyen Nguyen) 
Charge Transport & Interfaces II 

(Cherie Kagan / Laurens Siebbeles / John Anthony) 
Organic-Inorganic Hybrid Systems 

(David Ginger | Xiaoyang Zhu / Felix Castellano) 
Keynote Presentation: Semiconductor 
Nanocrystals 

(Richard Friend / Moungi Bawendi) 


Drugs that are linked to folic acid can be selectively targeted to folate 
receptor expressing cancer cells, which constitute ~40% of human tumors. 
Submitted by Philip 5. Low, Chair, Drug Carriers in Medicine & Biology 
GRC. 


ENDOTHELIAL C! 
HEALTH SI 
Aug 8-13, 2010 
University of New England, Biddeford, ME 
Chair: Edward M. Conway 
Vice Chair: Susan Quaggin 


PHENOTYPES IN 


© Special Presentation: History of the Endothelium 
(Jane Maienschein) 

« Keynote Presentation: MicroRNAs in the 
Endothelium - What Are They Doing? 
(Stefanie Dimmeler) 

+ The Endothelial Cell in the Placenta, Pregnancy 


and Eclampsia 

(S. Ananth Karumanchi/ S. An 

Ahmad / Ralf Dechend / Eli 
Inducible Pluripotent Ster 

Progenitor Cells 


(Andras Nagy / Andras Nagy / Toshio 
Nishikawa Mervin Yoder) ; 


w.grc.org) 
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yndrome Centered 
Ce 
‘/ Michael Brownlee / UIf 
antfyllos Chavakis) 
lamic Regulation of 
a the Vasculature 


cular Endothelium 
is Smith / Michael Dorrell / 
elial Cell-Specific Signaling Pathways 


/ Wolfram Ruf / Michael Simons / Mark 
erhardt / William Aird) 


(Su. uaggin / Luisa Iruela-Arispe / Angela 
Orecchia / Chirstiana Ruhrberg / Susan Quaggin) 


The endothelium comprises a single layer of cels, lining the entire vascular 
system, traversing every organ, and dynamically responding to a range of 
pathophysiologic stresses from the earliest stages of fetal development and 
throughout life. Like a unicyclist, trying to hold position, the endothelium 
appears from a distance to be quiescent, but on closer inspection, is 
constantly acting and reacting, making fine adjustments to respond to the 
environment. The heterogeneity of endothelial cells allows the endothelium 
to establish a dialogue that is unique to the underlying tissue. The 
endothelial-tissue interface is crucial for normal development and plays a 
key role in maintaining health of the organism, but also dictates the focal 
nature of vascular disease states. From this perspective, the endothelium 
transects across a spectrum of clinical disciplines. Indeed, virtually every 
disease involves the endothelium, either as a primary determinant of 
disease or as a victim of collateral damage. Image courtesy of Steve 
Moskowitz and William C. Aird, Harvard University. Submitted by Ed 
Conway, Chair, Endothelial Cell Phenotypes in Health and Disease, GRC. 


ENERGETIC MATERIALS 

Jun 13-18, 2010 

Tilton School, Tilton, NH 

Chair: Steven F. Son 

Vice Chair: Michael R. Zachariah 


« Synthesis of Energetic Materials 
(Jean’ne Shreeve / Phil Pagoria / Tom Klapotke) 
* Crystallization and Materials Engineering 
(Jennifer Swift / Yong Han / Colin Pulham / Ralph 
Nuzzo) 
« Modeling 
(Alejandro Strachan / Tommy Sewell / Christine J. 
Wu) 


Experimentation 

(Laura Smilowitz / Shawn McGrane / Naresh 
Thadhani / Dana Dattelbaum) 

Micro and Nano Energetic Materials 

(Carole Rossi / Alex Tappan / Curtis Johnson) 
Advanced Diagnostics & HE Detection 

(Mario Fajardo / D.S. Moore / R.B. Silver / N. Glumac 
/ GS. Settles / M. Hargather) 

Computation and Simulation 

(Scott Stewart / Tariq Aslam / Purusottam Jena) 
Novel Energetic Materials 

Jan Puszynski / A. W. Castleman Jr. / Chris Bunker / 
Choong-Shik Yoo) 

Reactives and Gas Generators 

(Timothy Weihs | Alex Mukasyan / Karen Martirosyan) 


ENVIRONMENTAL BIOINORGANIC CHEMISTRY 
Elements In The Environment, From Prokaryotes 
To People To Planets 

Jun 13-18, 2010 

Salve Regina University, Newport, RI 

Chairs: Rachel N. Austin & Ariel D. Anbar 

Vice Chair: Alvin L. Crumbliss 


Metal lons and Biogeochemical Cycles 

(Francois Morel / Paul Falkowski) 

Metal lon Impact on Photosynthesis 

(Sabeeha Merchant / Giovanni Finazzi / Devaki 
Bhaya / Ron Oremland / Heinz Frei) 

Metal lons and Nitrogen Fixation 

(Jen Glass / Eric Boyd / Teresa Thiel / Luis M. Rubio) 
Environmental Bioinorganic Chemistry and Public 
Health 

(Partha Basu / Jonathan Freedman / Megan McEvoy 
/ David Petering / Roland K. Strong) 

Imaging the Distribution of Metals in Cells 

(Amy Palmer / Chris Chang / Jennifer Pett-Ridge / 
Ben Twining) 

Bioinorganic Chemical Oceanography 

(Alison Butler / Kristin Buck / Phil Boyd / George 
Luther / Ken Bruland) 

The Bioinorganic Beyond 

(John Peters / Jade Bond / Timothy Lyons / Chris 
Dupont) 

Environmental Metallome 

(Joseph Caruso / Dave Koppenaal / Mak Saito / 
David Salt / Madeli Castruita) 

Metal lons and Toxicology 

(Anne Summers / Val Culotta) 


ENVIRONMENTAL SCIENCES: WATER 
Jun 20-25, 2010 

Holderness School, Holderness, NH 
Chair: Kristopher McNeill 

Vice Chair: Tamar Kohn 


Bad Chemicals, Good Chemicals: Challenges 
from the Past and of the Future 

(Richard Luthy / John Connolly / Julie Zimmerman) 
Marine Element Cycling 

(Brad Tebo / Elsie Sunderland) 

Water Quality Issues in China 

(Jiang Guibin / Eddy Zeng / Hefa Cheng) 

Water Treatment and Reuse 

(Shane Snyder / William Mitch / Timm Strathmann) 
New Approaches in Pathogen Research 

(Kara Nelson / Benito Marifias / Nathalie Tufenkji) 
Organic Pollutant in Water and Ice 

(Petr Klan / Kathrin Fenner / Martin Elsner) 
Chemistry of Organic Matter 

(Lihini Aluwihare / Aron Stubbins) 


* Ocean and Coastal Water Quality 
(Rainer Lohmann / Alexandria Boehm) 
¢ Environment and Health 
(Sandra Steingraber) 


ENZYMES, COENZYMES & METABOLIC PATHWAYS 
Mechanistic And Structural Characterization Of 
Enzymes With Relevance To Biochemical Pathways 
And Novel Therapeutics 

Jul 18-23, 2010 

Waterville Valley Resort, Waterville Valley, NH 

Chairs: Bruce A. Palfey & Thomas D. Meek 

Vice Chairs: James T. Stivers & Anne-Frances Miller 


e Enzyme Mechanisms from Isotope Effects 
(Richard Schowen / Paul Fitzpatrick / Judith Klinman 
/ Vern Schramm) 

Enzyme Dynamics, Structure & Function 
(JoAnne Stubbe / Sharon Hammes-Schiffer / Gregory 
Rinehart / Brian Bahnson / David Agard) 
Flavoenzymes 

(Pablo Sobrado / Donald Becker / Pimchai Chaiyen / 
Marilyn Jorns) 

Enzymes in Drug Discovery 

(Sara Thrall / Robert Czerwinski / Benjamin Schwartz 
/ Jovita Marcinkeviciene / Richard Silverman) 
Enzymes of Nucleotide Metabolism 

(John Gerit / Robert Stroud / Elizabeth Howell / Liz 
Hedstrom) 

Regulation & Evolution of Metabolic Pathways 
(Yan Jessie Zhang / Shelly Copley / Ben Liu / John 
Denu / Ross Stein) 

Biosynthetic Pathways 

(Wilson Francisco / John Vederas) 

Biological Redox 

(Steve Rokita / David Ballou / Squire Booker / Holly 
Ellis / Susan Miller) 

Enzyme Mechanisms from Steady-State Kinetics 
(John Blanchard / Paul Cook / Debra Dunaway- 
Mariano / Frank Raushel / W.W. Cleland) 


FLOW & TRANSPORT IN PERMEABLE MEDIA 
Jul 11-16, 2010 

Bates College, Lewiston, ME 

Chair: Pal-Eric Oren 

Vice Chair: Tissa H. Illangasekare 


Geological CO, Storage 

(Michael Celia / Daniel P. Schrag / Jan M. Nordbotten) 
Subsurface Imaging for Porous Media 
Applications 

(Dorthe Wildenshield / Russ Detwiler / Kamini Singha 
/ Joanne T. Fredrich) 

Porous Media and Climate 

(Reed Maxwell / Dani Or / Diana Allen) 

Structure and Transport - Pore to Field Scale 
(Charles J. Werth / Rapahel Blumenfeld / Masa 
Prodanovic / Rainer Helmig) 

Biological Processes in Porous Media Systems 
(Majid Hassanizadeh | Bernard Sapoval / Steven 
Yabusaki) 

Multiscale-Multiphysics Modeling 

(Ruben Juanes / Hamdi Tchelepi / Luis Cueto- 
Felgueroso / Paul Meakin) 

Geothermal Energy Extraction 

(Olaf Kolditz / Hari Rajaram / George Zyvoloski) 
Flow and Transport in Fractured Rocks 

(Margot Gerritsen / Auli Neimi / Muahammad Sahimi) 
Unconventional Reservoirs and Energy Sources 
(Martin Blunt / |. Yucel Akkutlu) 


visit the frontiers of science... go toa gordon conference! (www.grc.org) 
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NEW! FLOW & TRANSPORT IN PERMEABLE 

MEDIA (GRS) 

Emerging Research Opportunities And Challenges 

In The Characterization And Simulation Of Geological 
CO, Storage 

Jul 10-11, 2010 

Bates College, Lewiston, ME 

Chairs: Marc A. Hesse & Jennifer Niessner 


The Gordon-Kenan Research Seminar on Flow & 
Transport In Permeable Media is a unique forum for 
graduate students, post-docs, and other scientists 

with comparable levels of experience and education 

to present and exchange new data and cutting edge 
ideas. The focus of this meeting is the scientific basis of 
geological CO, storage, including characterization of the 
storage site, physical and chemical processes during 
CO, migration, multiscale and multiphysics numerical 
simulation of CO, evolution, and geophysical and 
geochemical monitoring of storage performance. 


e Speakers: To be selected from submitted abstracts 
« Discussion Leaders: To be selected from submitted 


abstracts 
« Keynote Speaker: Sally Benson 


Detergent-extracted cytoskeleton of the proyclic stage of the African 
trypanosome Trypanosoma brucei. The subpellicular microtubules are 
visible, as well as the nucleus and the old and the new flagellum. Courtesy 
of Thierry Blisnick and Philippe Bastin. Submitted by Artur Scherf, Chair, 
Host-Parasite Interactions GRC. 


FUEL CELLS 

Aug 1-6, 2010 

Bryant University, Smithfield, RI 

Chairs: Shyam S. Kocha & Yu Morimoto 

Vice Chairs: Thomas A. Zawodzinski & Thomas Jarvi 


* Status of Fuel Cell Research & Development / FC 
Industry - Academia Synergies: Panel Discussion 
(Shyam S. Kocha, Yu Morimoto / Sunita Satyapal / 
Matthew Fronk / Akihiro liyama / Chi Paik / Tom Jarvi / 
Jesse Schneider / Jung Yi / Stephen Campbell) 
Electrocatalysis 

(Elena R. Savinova / Nenad Markovic / Anthony 
Kucernak / Hiroyuki Uchida) 

Non-Precious Metal Catalysts 

(Marco Lopez / Frederic Jaouen) 

PEMFC Degradation 

(Chi Paik / Debbie Meyers / Sarah Ball / Jean St- 
Pierre) 

Membrane Degradation / Hydrocarbon vs. PFSA: 
Panel Discussion 

(Tom Zawoazinski / Ned Cipollini / Bryan Pivovar 

/ Cortney Mitteldtsteadt / Peter Pintauro / Don 
Gervasio / Wensheng He / Biswajit Choudhury / Shinji 
Kinoshita) 


visit the frontiers of science... gotoa 


« Competing Green Technologies (Fuel Cells, 
Batteries & Hybrids) 
(Douglas J. Wheeler / John Turner / Mark Verbrugge / 
Shoichi Sasaki) 
« Model Based PEMFC Developments 
(Shimshon Gottesfeld / Wenbin Gu / Perla Balbuena) 
« Novel Diagnostic Techniques 
(Thomas Jarvi / Matthew Mench / Yuji Ishikawa) 
« BioFuels and SOFCs 
(Shyam Kocha / Yu Morimoto / Kenji Kano) 


GRANULAR & GRANULAR-FLUID FLOW 
Jun 20-25, 2010 

Colby College, Waterville, ME 

Chair: Narayanan Menon 

Vice Chair: Isaac Goldhirsch 


Granular Gases 

(Maria-Jose Ruiz-Montero / S. Henri Noskowicz) 

e Jets and Splashes in Granular Fluids 

(Sidney Nagel / Devaraj van der Meer / Philip 
Metzger) 

Contact Mechanics and Acoustics 

(Chiara Daraio / Xiaoping Jia) 

Dense Flows - Hydrodynamic Approaches 
(Hisao Hayakawa / V. Kumaran) 

Dense Flows — Phenomenology 

(Einat Ahoronov / Yoel Forterre / Jean-Noel Roux) 
Suspensions 

(Eric Brown / Rut Besseling) 

Locomotion and Self-Propulsion 

(Daniel Goldman / Sriram Ramaswamy) 

Dense Systems - New Approaches to Constitutive 
Equations 

(Jennifer Sinclair Curtis / Jacek Tejchman) 
Packings 

(Sal Torquato / Mathias Schréter / Sean McNamara) 


GREEN CHEMISTRY 

Jul 25-30, 2010 

Davidson College, Davidson, NC 

Chairs: Chao-Jun Li & Peter Licence 

Vice Chairs: Karen |. Goldberg & Steve Howdle 


Global Change - The Role of GC? 

(Milton Hearn / Peter Dunn / Louis Guillette, Jr.) 
Renewable Feedstocks for a Sustainable Societ 
(Pierre Dixneuf / |stvan Horvath / Geoffrey C 
Doug Stephan) 

Green Consumer Products - Supply Chait 7 a 
Management From Bottom Up! 

(Berkeley Cue / Janet Scott / Michel 

Innovative Synthetic Methods 

GC Toolbox? , 

(Bruce Lipshutz / Robert Crabtree / Angelo 

Oliver Kappe) ia 

« Rising Stars - The Future of | 

(John Warner / Andrew Marr / J 

Nano-GC, from Microelectronics t 

(Neil Coville / Tad Adschiri / Buxi 

Separation and Solvents \ 

Chemical Processing 

(Markus Wagner / Peter V 

GC into Industry 4 

(Richard Henderson | Dave 

« Green Chemistry a Stag 

(Walter Leitner / Jan- 
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Image of a living mouse ear acquired by label-free optical-resolution 
photoacoustic microscopy. Courtesy of Song Hu, Konstantin Maslov, and 
Lihong V. Wang, Submitted by Lihong V. Wang, Chair, Lasers In Medicine 
& Biology GRC. 


HEMOSTASIS 

Jul 25-30, 2010 

Waterville Valley Resort, Waterville Valley, NH 
Chair: Nigel Mackman 

Vice Chair: Sriram Krishnaswamy 


Historical Views of Thrombosis and Hemostasis 
(David Ginsburg / Ken Mann / Shaun Coughlin) 

e Platelet Biology 
(Sanford Shattil / Joe Italiano / Michael Berndt / 
Tatiana Byzova / Andy Weyrich) 

¢ Atherothrombosis 
(Jose Lopez / Mark Taubman. 
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| 20-25, 2010 
alve Regina University, Newport, RI 


Synthesis of Heterocyclic Natural Products | 
(Richmond Sarpong / Erik Sorenson / Richard Hsung) 
Catalysis in Heterocyclic Chemistry 

(Stephen Godleski / John Hartwig / Sarah Reisman / 
Fu-An Kang / Melanie Sanford) 

Synthesis of Biologically Active Heterocycles | 
(Mark Behnke / George Sheppard / Matthew Shair) 
New Methodology for the Synthesis of 
Heterocyclic Compounds 

(David Lathbury / Annaliese Franz / John Murphy / 
Jin-Quan Yu / Kay Brummond) 

Dye Chemistry 

(Suning Wang / Kevin Burgess) 

Heterocycles in Molecular Engineering 

(Lelia Cosimbescu / Pablo Ballester / Jonathan 
Sessler) 

Synthesis of Heterocyclic Natural Products II 
(Phil Baran / Robert Boeckman, Jr.) 

Synthesis of Biologically Active Heterocycles Il 
(John Macor / Paul Scola / Catherine Tachdjian / 
Andre Lescarbeau) 

Heterocycles in Chemical Ecology 

(Thomas Bell / Tappey Jones / Jerrold Meinwald) 


The U-kettle, a hot water kettle, designed collaboratively by an industrial 
design firm, a plastics producer, and an appliance manufacturer for easy 
disassembly and recycling. Photo courtesy of Fitch. Submitted by Reid J 
Lifset, Chair, Industrial Ecology GRC. 


HI 
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IGH PRESSURE, RESEARCH AT 
in 27 - Jul 2, 2010 


Holderness School, Holderness, NH 
Chair: Dennis D. Klug 
Vice Chair: Malcolm |. McMahon 


Strucural Predictions at Extreme Conditions: An 
Alternative to Experiment? 

(Roman Martonak | Artem R. Oganov / Chris J. 
Pickard) 


e Young Investigators in High Pressure Science 
(John S. Loveday / Valentina M. Giordano / Anat 
Shahar / Timothy A. Strobel) 

e Ultra Dense Hydrogen 
(Serge Desgreniers / Paul Loubeyre / Haruki 
Kawamura) 

« Novel Dense Structures and Properties for 
Materials Science 
(James S. Schilling / Leonid Dubrovinsky / Eugene 
Gregoryanz / Kazuyuki Matsubayshi) 

« From QMC to Disorderd Solids 
(Chris A. Tulk / David Ceperley / Vobumasa 
Funamori) 

« Dynamic Compression - From Lasers to DACS 
(Gilbert Collins / Jon Eggert / Marcus Knudson / 
Xianming Zhou / Michael R. Armstrong) 

« Chemistry and Biology at High Pressure 
(Choong-Shik Yoo / Roald Hoffmann / Paul McMillan) 

« Geophysics and Geochemistry at High Pressure 
(Vitali Prakapenka / Sarah Stewart / Jie Li) 

e High Pressure Advances and Challenges 
(Malcolm |. McMahon | Neil W. Ashcroft) 


HIGH TEMPERATURE MATERIALS, 
PROCESSES & DIAGNOSTICS 
Discovery And Design Of Materials For 
High-Temperature Applications 

Jul 18-23, 2010 

Colby College, Waterville, ME 

Chair: Marius Stan 

Vice Chair: Lorenz Singheiser 


« High-Temperature Chemistry and Materials 
Science 
(Nathan Jacobson / Gerd Rosenblatt / Alexandra 
Navrotsky) 
« High-Temperature Ceramics 
(Darryl Butt / Aiko Nakamura / Maria Zaharescu) 
Fuel Cells 
(Stu Adler) 
Materials for Fission and Fusion 
(Christine Gueneau / Toru Ogawa / Lorenzo Malerba 
/ Rick Kurz) 
« Thermo-Electric Materials 
(Anke Weidenkaff) 
« Models and Simulations 
(Mark Asta / Chis Wolverton / Maria Samaras / 
William Thompson) 
« High-Temperature Characterization Methods 
(Susana Fries / Dario Manara) 
Discovery and Design of High Temperature 
Materials 
(Zi-Kui Liu / Dean Peterson / Sidney Yip / Gerbrand 
Ceder) 
Keynote Presentations 
(Marius Stan / George Crabtree / Steven Chu) 


HIGH THROUGHPUT CHEMISTRY & 
CHEMICAL BIOLOGY 

Jun 20-25, 2010 

Les Diablerets Conference Center, Les Diablerets, 
Switzerland 

Chair: Michael A. Foley 

Vice Chair: Roland E. Dolle 


« Frontiers in Drug Discovery 

(Lisa Marcaurelle / Robert Gould / Gary Gilliland) 
« Hit to Lead / Medicinal Chemistry 

(Craig Lindsley / Samuel Gerritz / Scott Sutton / 

Jurgen Dinges / Gebhard Thoma / Peter Hamley) 
« Chemical Biology 

(Angela Koehler / Chris Abell / Clifton Barry) 


High Throughput Technologies 

(Samuel Gerritz / Jutta Heim / Ken Bair / Wolfgang 
Klute / Angela Koehler / Daniel Varon Silva / 
Alexander Godfrey) 

Chemical Biology 

(Paul Hanson / Tomi Sawyer / Lisa Marcaurelle / 
David Liu) 

Chemical Methodology and Library Development 
(Ann Rowley / Paul Hanson / Derek Tan / Rolf 
Breinbauer / Alexander Doemling / Seung Bum Park) 
Catalysis / Medicinal Chemistry 

(Martin Burke / Oliver Reiser / Vy Dong / Craig 
Lindsley) 

Synthetic Chemistry / Medicinal Chemistry 
(Oliver Reiser / James Barrow / Young-Tae Chang / 
Martin Burke / Mark Bradley / Andrew Phillips) 
Frontiers in Drug Discovery 

(Robert Gould / Frederick Berst / Alan Palkowitz) 


HOST-PARASITE INTERACTIONS, BIOLOGY OF 
Jun 27 - Jul 2, 2010 

Salve Regina University, Newport, RI 

Chairs: Artur Scherf & David Sibley 

Vice Chairs: Boris Striepen & Keith R. Matthews 


Transmission of Parasites 

(David Sacks / Paul Bates / Andy Tait) 

Phenotypic Variation, RNA and Gene Expression 
(Elisabetta Ullu / Manuel Llinas / Hugo Lujan / 
Upinder Singh) 

Host and Parasite Genetic Variation in Disease 
(Christopher Plowe / Stephen Hajduk / Steve Beverly) 
Invasion and Egress from Host Cells 

(Alan Cowman / Vern Caruthers / Mike Blackman / 
Dominique Soldati) 

Systems Biology 

(Winzeler Elisabeth | Kami Kim) 

Trafficking and Organelle Biogenesis 

(Boris Striepen / Kasturi Haldar / Philippe Bastin / Jay 
Bangs) 

Cell Cycle and Development 

(Keith Matthews / Oliver Billker / Isabelle Coppens) 
Host Innate and Adaptive Immune Response 
(Elena Levashina / Christopher Hunter / Fidel Zavala 
/ Etienne Pays) 

Novel Intervention Strategies 

(Mike Ferguson / Stephen Ward) 


IN VIVO MAGNETIC RESONANCE 
Jul 25-30, 2010 

Proctor Academy, Andover, NH 
Chair: Risto A. Kauppinen 

Vice Chair: Greg J. Stanisz 


Future MR - Lighter and Faster 

(Peter Luijten / Klaas Pruessmann / Mark Griswold) 
Advances in RF Transmit and Signal Detection 
(Tommy Vaughan / Lawrence Wald / Andrew Kiruluta 
/ Maxim Zaitsev) 

Hot Topics in Novel Imaging Techniques 

(Chrit Moonen / Joern Borgert / Alan Koretsky) 
Preclinical Applications for MR: Animal Models 
and Drug Discovery 

(Tim Duong / Klaas Nicolay / Olli Grohn / Richard 
Carano) 

Applied Metabolomics In Vivo 

(Joseph Ackerman / Xin Yu) 

MRS: From Mice to Man 

(Alena Horska / Jullie Pan / Gulin Oz / Pratip 
Bhattacharya) 

Hot Topics Session 

(Joel Garbow) 
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e Advancing Neuro-MR Techniques 
(Karla Miller / Xiang He / Penny Anne Gowland / Jeff 
Duyn) 

e Pushing the Limits of Spatial Resolution 
(Greg Stanisz / Russell Jacobs / Christian Degen) 


INDUSTRIAL ECOLOGY 

From Analysis To Design 

Jul 11-16, 2010 

Colby-Sawyer College, New London, NH 
Chair: Reid Lifset 

Vice Chair: Sangwon Suh 


Keynote Presentation: Industrial Ecology and 
Design 

(Michael Braungart / Chris Ryan) 

Identifying Sustainable Products 

(Marianna Pierobon / Jeroen Guinee / Dara 
O'Rourke) 

Designing Sustainable Products 

(Ursula Tischner) 

Impacts of Technology: Electronics and the 
Environment 

(Eric Williams / Atsushi Terazono / Kazue Takahashi) 
« Designing Information Technology and e-Waste 
(Kun-Mo Lee / Rolf Widmer) 

Resource Use and Impacts in Cities 

(Xuemai Bai / Anu Ramaswami / James Keirstead) 
Designing Cities 

(Bill Mitchell / Lawrie Robertson) 

Infrastructure and Large Scale Systems 

(Dave Allen / Igor Nikolic / Jay Apt) 

Reflections on Design and Industrial Ecology 
(John Ehrenfeld / John Fernandez / Hongtao Wang) 


NEW! INDUSTRIAL ECOLOGY (GRS) 

Jul 10-11, 2010 

Colby-Sawyer College, New London, NH 
Chairs: Dexin Luo & Venkatesh Govindarajan 


The Gordon-Kenan Research Seminar on Industrial 
Ecology is a unique forum for graduate students, post- 
docs, and other scientists with comparable levels of 
experience and education to present and exchange new 
data and cutting edge ideas. The focus of this meeting 
is on industrial ecology tools and methodologies - 
consequential LCA, uncertainty analysis (LCA), material 
flow analysis (MFA), economic models, and novel 
metrics for measuring sustainable systems, inter alia; 
their practical applications and limitations. Even though 
priority will be given to proposals for oral and poster 
presentations that focus on the theme of tools and 
methodologies, we, in fact, would welcome and consider 
abstracts on a diverse range of topics within the realm of 
industrial ecology. 


e Speakers: To be selected from submitted abstracts 

¢ Discussion Leaders: To be selected from submitted 
abstracts 

« Keynote Speakers: Jeroen Guinée 


INORGANIC CHEMISTRY 

Addressing World Challenges With Inorganic 
Chemistry 

Jun 20-25, 2010 

University of New England, Biddeford, ME 
Chair: John R. Lockemeyer 

Vice Chair: Michael Heinekey 


« Keynote Presentation: The Oxo Wall 
(Harry Gray) 


Actinides & Batteries 

(James Boncella / Trevor Hayton / Mike Thackeray / 
Yi Cui) 

Photochemistry 

(Dan Nocera / Etsuko Fujita / Naomi Halas / Joseph 
Deaton / Brad Holliday) 

Nanotechnology 

(Ayusman Sen / John Shelnut / Dmitri Talapin / Song 
Jin) 

Main Group Chemistry 

(Christopher Cummins / Kim Baines / John 
Protasiewicz / Hansjérg Griitzmacher) 
Coordination Chemistry & Magnetism 

(Craig Hill / Annie Powell / Sally Brooker) 

« Young Investigator Presentations 

« Catalysis 

(Steve Nolan / Ann Gaffney / Chris Jones / Randy 
Cortright) 

Chemistry and Societal Issues 

(Carl Mesters / Will Rees) 


NEW! INORGANIC CHEMISTRY (GRS) 
Jun 19-20, 2010 

University of New England, Biddeford, ME 
Chairs: Scott R. Daly, Timothy J. Kucharski & 
Matthew T. Olsen 


The Gordon Research Seminar on Inorganic Chemistry 
is a unique forum for graduate students, post-docs, and 
other scientists with comparable levels of experience 
and education to present and exchange new data and 
cutting edge ideas. The focus of this meeting is the 
highly diverse field of modern inorganic chemistry, 
which includes solid state, theoretical, bioinorganic, 
coordination, materials and organometallic chemistry and 
impacts the highly multi-disciplinary areas of catalysis, 
energy, environment, nanoscience, biomedicine, and 
many more. 


« Speakers: To be selected from submitted abstracts 

« Discussion Leaders: Judith Stein and others to be 
named later 

« Keynote Speakers: Harry B. Gray and Jillian L. 
Dempsey 


INTERMEDIATE FILAMENTS. 
Jun 20-25, 2010 

Tilton School, Tilton, NH 

Chair: Harish C. Pant 

Vice Chair: Robert D. Goldman 


« Biophysics of Intermediate Filaments 
(Harald Herrmann /| Robert Kirmse / Laurent Kreplak / 
Andreas Hoenger / David Weitz / Peter Burkhard) 
Nuclear Lamins: Structure and Function 

(Ueli Aebi / Cathy Wilson / Takeshi Shimi / Marcus 
Bueler / Sergei Strelkov) 

Nuclear Lamins and Laminopathies 

(Colin Stewart / Roland Foisner / Horward Worman / 
Yosef Gruenbaum / Maria Eriksson / Gisele Bonne) 
Intermediate Filament Assembly and Dynamics 
(Jonathan Jones / Chris Miller / Omar Skalli / Joe 
Eyer / Melissa Mendez / Gaudenz Danuser) 
Intermediate Filaments and Signaling 

(Milos Penkny | Pierre Coulombe / John Eriksson / 
Roy Quinlan / Diana Toivola / Elly Hol) 

Intermediate Filaments and Organelle Function — 
(Thomas Magin | Carolyn Machamer/Yassemi 
Capetanaki / Gloria Conover / Stamatis 
Papathanasiou / Johanna lvaska / Alexande 
Cytoplasmic Intermediate Filaments: Structure 
and Disease 

(Bishr Omary | Robert Bloch / Milind Vaidya / Mich 
Brenner / Karen Ridge / Masaki Inagaki) - 


¢ Intermediate Filament Mechanisms and Disease 
(Kathleen Green / Parvathi Rudrabhalta / Jean-Pierre 
Julien / Ron Liem / Thomas Shea / Michael Garcia) 

e Intermediate Filament Cytoskeleton: Regulation 
and Pathology 
(Janice Robertson / Shin-Ichi Hisanaga / Ben Szaro / 
Mike Strong / Mala Rao) 


Meiosis is the specialized cell division required to generate gametes, such as 
‘sperm, eggs, and pollen. One of the most dramatic and mysterious aspects 
of meiosis is the pairing of homologous chromosomes. This image shows 
the paired axial elements of the chromosomes in a maize spermatocyte, 
imaged by super-resolution Structured Illumination Microscopy, with 
each chromosome pair pseudocolored differently so that their paths can 
be followed. Courtesy of Rachel Wang and Zac Cande, University of 
California, Berkeley. Submitted by Abby Dernburg, Chair, Meiosis GRC. 


lucing 
Jul 11-16, 2010 
Davidson College, Davidson, NC 
Chairs: Vladimir Uversky & A. Keith Dunker 
Vice Chairs: Rohit V. Pappu & Peter Tompa 


Introduction to Unfoldome and Unfoldo: 
(Rohit Pappu / Peter Wright / Lilia lakoucheva) 

* Computational Unfoldomics: | rmatic 
Means for IDP Disco 


visit the frontiers of science... go toa gordon conference! (www.grc.org) 


Gordon Research Conferences: “Session II” 2010 Preliminary Programs (continued) 


Zeiss LSM710 coileat microscope. Size 
970x1200 um. Maximum Intensity projection of a 75 um z-stack. 


9h taken by Maximilian Nitschke, Institute of Pharmaceutical 
lichael J. Detmar, Chair, Molecular 


ION CHANNELS: 

Jul 11-16, 2010 

Tilton School, Tilton, NH 
Chair: Merritt Maduke 
Vice Chair: Zhe Lu 


Mechano/Sensory Mechanisms 

(Anita Zimmerman / David Julius / Miriam Goodman / 
Rachelle Gaudet) 

Gating and Conformational Dynamics | 
(Christopher Miller / Michael Pusch / Jie Zheng / Eric 
Gouaux) 

Ca-Dependent Regulation 

(David Yue / Haoxing Xu / Henry Colecraft / Kevin 
Foskett) 

Physiological Functions 

(Diane Papazian / John Adelman / Bruce Bean / Mark 
Nelson / Terry Dean, Jr.) 

Lipids and Channels 

(Kenton Swartz / Ann Rittenhouse / Anthony Lee / 
Sharona Gordon) 

Gating and Conformational Dynamics II 

(Clay Armstrong / \saiah Arkin / Rod MacKinnon / 
Rick Aldrich) 

Regulatory Subunits of lon-Channel Function 
(Carol Deutsch / Dan Minor / Steve Traynelis / Bill 
Kobertz) 

Ligand-Dependent Gating 

(David Weiss / Lucia Sivilotti / Pierre Paoletti / Cindy 
Czajkowski) 

New Discoveries in lon Channels 

(David Clapham) 


IRON-SULFUR ENZYMES 

Jun 6-11, 2010 

Colby-Sawyer College, New London, NH 
Chair: Fraser A. Armstrong 

Vice Chair: Tracey Rouault 


e Fundamentals: Insight from Structural and 
Functional Analogs of FeS and Related Active 
Sites 
(Richard Holm / Patrick Holland) 

« FeS Cluster Assembly and Health Implications 
(Judy Hirst / Dennis Dean / Wayne Outten / Janneke 
Balk / Julius Lukes / Héléne Puccio) 

« Nitrogenases 
(Brian Hoffman / Lance Seefeldt / Markus Ribbe / 
Jonas Peters) 


FeS Centers Directly Involved in Catalysis 
(Richard Cammack / Wolfgang Biickel / Pinhua Liu 
/ Eric Oldfield / Marc Fontecave / Michael Johnson / 
Petra Hanzelmann) 

FeS Centers in Cell Regulation and Maintenance 
(Nick LeBrun / Adrie Steyn / Mike Dillingham) 
Hydrogenases 

(Stephen Cramer / Wolfgang Lubitz / Marcetta 
Darensbourg / Christopher Pickett / Oliver Lenz / 
Joan Broderick) 

FeS Enzymes in CO, and CO Interconversion 
(Stephen Ragsdale / Frank Robb / Holger Dobbek) 
FeS Enzymes and Functional Analogues in Future 
Energy Technologies 

(John Golbeck / Paul King / Vincent Artero) 

Iron, Sulfur and Life ... At the Limits 

(Juan Fontecilla-Camps / Jill Mikucki) 


LASERS IN MEDICINE & BIOLOGY 

Jul 25-30, 2010 

Holderness School, Holderness, NH 

Chairs: Lihong Wang & Christoph K. Hitzenberger 
Vice Chairs: Brian W. Pogue & Rudolf M. Verdaasdonk 


e Nerve Stimulation and Neural Imaging 
(E. Duco Jansen / Claus-Peter Richter / Elizabeth 
Hillman / Ricky Wang) 
Microscopy 
(Emmanuel Beaurepaire / Watt Webb / Sunny Xie / 
Tony Wilson / Charles Lin) 
Therapy 
(Steve Jacques / Alfred Vogel / Brian Wilson / 
Katarina Svanberg) 
Photoacoustic Microscopy and Computed 
Tomography 
(Mark Anastasio / Konstantin Maslov / Paul Beard / 
Michael Pashley / Alexander A. Oraevsky) 
Diffuse Optical Imaging and Spectroscopy 
(Quing Zhu / Bruce Tromberg / Martin van der Mark / 
Ozzy Mermut) 
Optical Coherence Tomography 
(Maciej Wojtkowski | James G. Fujimoto / Yoshiaki 
Yasuno / Michael Pircher / Stephen Boppart) 
Contrast Agents 
(Samuel Achilefu / Rebecca Richards-Kortum / 
Matthew Bogyo / Hisataka Kobayashi) 
Phase Conjugation and Super-Resolution 
Microscopy 
(Irene Georgakoudi / David Williams / Changhuei 
Yang / Xiaowei Zhuang / Sam Hess) 
« Endoscopy 

(Xingde Li/ Brett Bouma / Stanislav Emelianov) 


LIPOPROTEIN METABOLISM 

Lipid And Lipoprotein Metabolism In Health And 
Disease 

Jun 20-25, 2010 

Waterville Valley Resort, Waterville Valley, NH 
Chair: Ira Tabas 

Vice Chair: Robert O. Ryan 


e Metabolism and Clearance of Triglyceride-Rich 
Lipoproteins 
(Steve Young / Steve Young / Robert Ryan / Kevin 
Williams / Jeff Esko) 

« Lipid Droplets and Cellular Lipid Metabolism 
(Robert Farese, Jr. / Robert Farese, Jr. / Michael 
Czech / Dawn Brasaemle / Sepp Kohlwein / Michael 
Welte) 


e Lipoproteins and Cells: Cellular Sterol Trafficking 
and Metabolism 
(Fred Maxfield / Fred Maxfield / Elina Ikonen / Russell 
Debose-Boyd / Ta-Yuan Chang) 
e HDL and ABC Transporters 
(Alan Tall / Alan Tall / Mary Sorci-Thomas / Peter 
Tontonoz / Jay Heinecke / Dan Rader / Marge 
Connelly) 
Therapeutic Approaches to Improving Plasma 
Lipoprotein Profile 
(Andy Plump / Andy Plump / Margrit Schwarz / 
Rosanne Crooke / Harry (Chip) Davis) 
« Lipoproteins, Lipids, and the Brain 
(Cheryl Wellington / Cheryl Wellington / Bill Rebeck / 
Gary Landreth / Joachim Herz / Guojun Bu) 
Regulation of Hepatic LDL Receptors and Plasma 
LDL 
(Jonathan Cohen / Jonathan Cohen / Peter Michaely / 
Sek Kathiresan / Anders Nykjaer) 
Hepatic Lipid and Lipoprotein Metabolism 
(Jay Horton / Jay Horton / Henry Ginsberg / Peng Li/ 
Ed Fisher / Murray Huff / Rob Hegele) 
Keynote Presentations: New Discoveries in Lipid 
Metabolism 
(Ira Tabas, Jay Horton / Laurie Glimcher / Morris 
White) 


Cerebral cortex ofa "Brainbow’ transgenic mouse. This method labels single 
neurons with many colors so their processes can be followed over long 
distances. Photograph by Jean Livet. Courtesy of Joshua Sanes, Keynote 
Speaker, 2010 Molecular & Cellular Neurobiology GRC. Submitted by 
Kang Shen, Chair, Molecular & Cellular Neurobiology GRC. 


LYSOSOMES & ENDOCYTOSIS 
Jun 20-25, 2010 

Proctor Academy, Andover, NH 
Chair: Frances Brodsky 

Vice Chair: Michael Marks 


e Lysosomal Traffic, Related Organelles and 
Autophagy 

(Graga Raposo / Ana Maria Cuervo / Dan Cutler / 
Esteban Dell’Angelica / Markus Babst) 
Pathogens and Immunity 

(Mark Marsh, Gisou van der Goot / Olivia Steele- 
Mortimer / Thierry Soldati / Pascale Cossart / Paul 
Lehner / Vojo Deretic / Gillian Griffiths) 

Lipids and Caveolae 

(Beverly Wendland / Ludger Johannes / Robert 
Parton / Satiyajit Mayor / Sergio Grinstein) 
Trafficking Mechanisms 

(Linton Traub, Gregory Payne / James Hurley / 
Sandra Schmid / Mary Munson / Paolo DiFiore / Mark 
von Zastrow / Harald Stenmark) 

Diabetes, Muscle and Metabolism 

(Philip Stahl / Timothy McGraw / Elizabeth McNally / 
Nia Bryant / Amira Klip) 

Endosomal Pathways 

(Marcos Gonzalez-Gaitan, Elizabeth Conibear / 
Alexander Sorkin / Scott Emr / Jean Gruenberg / 
Robert Piper / Tom Stevens) 
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« New Directions | 


(Mickey Marks / Jennifer Lippincott-Schwartz / Bridget 


Wilson / Marta Miaczynska) 

« Motors, Migration and Polarity 
(James Keen / Trina Schroer / Jon Cooper / Miguel 
Seabra / Lois Weisman / Pietro DeCamilli) 

« New Directions II / Keynote Presentation 
(Frances Brodsky / Norma Andrews) 


MAGNETIC NANOSTRUCTURES 
Aug 8-13, 2010 

Bates College, Lewiston, ME 
Chair: Sara A. Majetich 

Vice Chair: Shinji Yuasa 


Spintronics in Semiconductors and Carbon- 
Based Materials 

(Paul Crowell / Dan Ralph / Ron Jansen / Joonyeon 
Chang) 

Spin-Polarized Materials 

(Pankaj Poddar / Claudia Felser / Tiffany Santos) 
Bio-Nanomagnetism 

(Urs Hafeli / Jon Dobson / John Moreland) 
Magnetic Tunnel Junctions and Magnetoelectric 
Devices 

(Bill Butler / Nick Rizzo / Agnes Barthelemy) 

Spin Torque Transfer 

(Jagadeesh Moodera / Mairbek Chshiev) 
Patterned Magnetic Nanostructures 

(Adekunle Adeyeye / Caroline Ross / Ricardo Ruiz) 
X-Ray and Neutron Probes of Magnetic 
Nanostructures 

(Kathryn Krycka / Elke Arenholz) 

High Frequency Magnetism 

(Chris Hammel / Kristen Buchanan / Johan Akerman 
/ Roy Chantrell) 

Energy and Magnetism: New Developments 
(Gerrit Bauer / Masaaki Tanaka / Oliver Gutfleisch) 


MAMMARY GLAND BIOLOGY 

Jun 6-11, 2010 

Il Ciocco Hotel and Resort, Lucca (Barga), Italy 
Chair: Christopher J. Ormandy 

Vice Chair: Pepper J. Schedin 


Introductory Presentation: Using the Genome to 
Improve the Diagnosis and Treatment of Breast 
Cancer 

(Rene Bernards) 

Mammary Stem And Progenitor Cells 

(Gabriela Dontu / Jane Visvader / Matt Smalley / 
Geoffrey Wahl) 

Cells Of Origin Of Mammary Cancer 

(Barry Gusterson / Bryan Welm / Yi Li) 

Metastasis 

(John Condeelis / Christoph Klein / Xiang Zhang / 
John Condeelis / Joan Jones) 

Phenotypic Plasticity 

(Pepper Schedin / Gil Smith / Wenjun Guo) 
Epigenetic Regulation 

(Susan Clark / Kornelia Polyak / Thea Tlsty / Susan 
Clark) 

Genomic Regulatory Networks 

(Nancy Hynes / Michael Clarke / Jason Carroll) 
Mammographic Density 


(Malcolm Pike / Malcolm Pike / Norman Boyd / Bengt 


Nielsen) 

Keynote Address: Integrins in Mammary Gland 
Biology and Breast Cancer 

(Christopher Ormandy / Charles Streuli) 


MARINE MICROBES 

From Genes To Global Cycles 

Jul 4-9, 2010 

Tilton School, Tilton, NH 

Chairs: David L. Kirchman & Michael Wagner 
Vice Chair: Raffaella Casotti 


Ecological Genomics | 

(Julie Huber / Edward DeLong / Mary Ann Moran) 
Global Change 

(David Caron / Adam Martiny / Sinead Collins / David 
Hutchins) 

Protistan Progress 

(Raffaella Casotti / Alexandra Worden / Emily 
Roberts) 

Ecological Genomics Il 

(Gabrielle Rocap / Tatiana Rynearson / Thomas 
Richards / Frank Oliver Gloeckner) 

Ecological Principles 

(Suzanne Strom / Katherine McMahon / Claire 
Horner-Devine) 

Carbon Cycle 

(Toshi Nagata / Ingrid Obernosterer / Josef Gasol / 
Gerhard Herndl) 

Marine Archaea 

(Phyllis Lam / Christopher Francis / Anitra Ingalls) 
New in the N Cycle 

(Doug Capone / Matthew Church / Bess Ward / 
Marcel Kuypers) 

Global Models and Views 

(Nianzhi Jiao / Scott Doney / Hugh Ducklow) 


MECHANISMS OF EPILEPSY & NEURONAL 
SYNCHRONIZATION 

Dynamics, Development And Dysregulation 
Aug 8-13, 2010 

Colby College, Waterville, ME 

Chair: John Huguenard 

Vice Chair: Carolyn Houser 


« Microcircuit Dynamics: Emergence of Synchrony 
(Kevin Staley / Michael Hauser / Rafa Yuste) 

e Inhibitory Neurons: Failure to Deliver 

(Joseph LoTurco / John Rubenstein / Elizabeth 

Powell) 

Neuroinflammation and Epilepsy 

(Uwe Heinemann / Annamaria Vezzani / Daniela 

Kaufer) 

Circuit Homeostasis, Analytical and Experimental 

Approaches in Epilepsy 

(Ivan Soltesz / Liset Menendez de la Prida) 

Epigenetics, Gene Regulation and microRNAs in 

Epilepsy 

(Amy Brooks Kayal / Hungjun Song / Douglas 

Coulter) 

Circuit Development and Function: Basis for 

Epileptic Networks 

(/stvan Mody / Robert Wong) 

Stem Cells and Epilepsy 

(Frances Jensen / Jack Parent / Linda Overstreet- 

Wadiche / Jenny Hsieh) 

Epileptogenesis: Occult and Overt Mechanisms 

(Helen Scharfman / Michael Wong / Christophe 

Bernard / Asla Pitkanen) 

Epileptic lon Channels and Synaptic Protein 

(Karen Wilcox / David Bredt / Heinz Beck / Jeff 

Noebels) 


MEDICINAL CHEMISTRY 

Aug 8-13, 2010 

Colby-Sawyer College, New London, NH 
Chair: Mary M. Mader 

Vice Chair: Francesco G. Salituro 


Targeting Inflammation and Immunological 
Diseases 

(Katerina Leftheris / Robert Merritt / Juergen Wagner / 
Joseph Kozlowski) 

Towards Novel Agents for the Treatment of 
Diabetes 

(Thomas D. Aicher / Mike Waring / Jamie Scott / 
Angel Guzman-Perez / Jeff Pfefferkorn) 

Infectious Diseases 

(Christian Hubschwerlen / Neil D. Pearson / Franz 
von Nussbaum / Suzanne Stokes / Benoit Ledoussal) 
Third World Diseases 

(Richard L. Elliott / Clifton Barry / Robert T. Jacobs / 
Tue Nguyen / Jeremy Burrows) 

Targeting the Endocannabinoid System 

(Robert M. Jones / Chris Walpole / Doris Reither / 
Mick Dart / Kay Ahn) 

Prostaglandin Receptor Modulators 

(David Sandham / Mark Healey / Brian Stearns / 
Stefano Crosignani) 

Rule-Breaker Molecules: Expanding the Definition 
of Drug-Like Space 

(Mark Murcko) 

Special Topics 

(Janeta Popovici-Muller / David Claremon / Charlie 
Mowbray / Sabina Pecchi / David Powell) 

Keynote Presentation 

(Mary Mader / Paul A. Bartlett) 


Three-dimensionally woven scaffolds for tissue engineering. Bundles 
poly(epsilon-caprolactone) fiber were woven in three-dimensions usi 


and mechanical properties. Scaffolds were seeded with adipose derived 
stem cells to form functional constructs of artificial cartilage. Courtesy 


of Franklin T. Moutos and Farshid Guilal ve 
Center. Submitted by Farshid Guilak, Chair, Musculoskeletal Biology 


Bioengineering GRC. ‘ 


MEIOSIS 
Jun 13-18, 2010 


Colby-Sawyer College, New London, NH 
Chair: Abby Dernburg 
Vice Chair: Nancy M. Hollingsworth 


. Regulation of Recor 


De Massy / Franz k 


(Simon Boulton | G 


a 


(Michael Lichten /7 
Scott Hawley) 
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Cell Cycle Progression 
Hochwagen / James 
Terry Hassold) 
nosome Dynamics During 


Anne Villeneuve) 
Meiosis and Evolution 
(Angelika Amon | David Page / Daniel Barbash / 
Graham Coop) 
¢ Biorentation of Homologs at the First Meiotic 
Division 
(Scott Hawley / Yoshinori Watanabe / Angelika Amon 
/ Hiro Ohkura) 


IOSIS (GI 
iples And Practice Of Meiosis Across 

1 Organisms 

Jun 12-13, 2010 

Colby-Sawyer College, New London, NH 

Chairs: Sarah A. Sabatinos & Luke E. Berchowitz 


The Gordon-Kenan Research Seminar on Meiosis is 
a unique forum for graduate students, post-docs, and 
other scientists with comparable levels of experience 
and education to present and exchange new data and 
cutting edge ideas. The focus of this meeting is to 
present new work performed by students/postdocs in 
the field of meiosis, to provide mentoring opportunities 
with peers and senior researchers, and to familiarize 
students/postdocs with the terminology and questions 
that will be presented at the accompanying Meiosis 
GRC. The research topics presented will include 
cell-cycle regulation, meiotic chromosome dynamics, 
meiotic recombination execution and regulation, and 
biochemical/genetic characterization of meiotic genes. 


e Speakers: To be selected from submitted abstracts 

¢ Discussion Leaders: Anne Villeneuve, Scott 
Keeney, Gerry Smith, Jeff Sekelsky and Raphaél 
Mercier 


Scanning electron microscope image of gas hydrate crystals growing in 
cavities in sediments recovered from 110 meters below the seafloor off 
India, Courtesy of Laura Stern, U.S. Geological Survey. Submitted by 
Carolyn D, Ruppel, Chair, Natural Gas Hydrate Systems GRC. 


MEMBRANE TRANSPORT PROTEINS 
Aug 15-20, 2010 

University of New England, Biddeford, ME 
Chair: Ulrik Gether 

Vice Chair: Robert Edwards 


« Transporter Conformational Dynamics 
(Peter Henderson / Baruch Kanner / Hassane 
Mchaourab / Gary Rudnick) 
« Transporter Structure and Mechanism 
(Poul Nissen, Baruch Kanner / Olga Boudker / 
Christine Ziegler / Poul Nissen / Amy Davidson / Da 
Neng Wang) 
Transporter Genetics and Disease 
(Manuel Palacin / Randy Blakely / Michael Kéttgen / 
Stefan Broer) 
Transport Proteins: Pharmacology, Physiology 
and Disease 
(Robert Tampe, Randy Blakely / Robert Tampe / 
Marianne Wessling-Resnick / Rajini Rao / Leon O. 
Murphy) 
Computational Biology and High Throughput 
Approaches in Transporter Research 
(Harel Weinstein / Emad Tajkhorshid / Harel 
Weinstein / Min Li) 
Intracellular Transporters and Channels 
(Robert Edwards / Yoshinori Moriyama / Shigeo 
Takamori / Thomas Jentsch / Joe Mindell) 
Transporters and Brain Function in Health and 
Disease 
(Aurelio Galli / Kai Kaila / Harald Sitte / Lynette Daws 
| Jeff Rothstein) 
« Cellular Regulation of Transporters 
(Lydia Aguilar-Bryan / Jonathan Javitch / Haoxing Xu / 
Amira Klip / Bernard C. Rossier / Gonzalo E. Torres) 
« Keynote Presentation: lon Channels, lon 
Transporters and Calcium Signaling 
(Ulrik Gether / David Clapham) 


MEMBRANES: MATERIALS & PROCESSES 
Improving Synthetic Membranes To Address Grand 
Challenges Facing Our Society 

Jul 25-30, 2010 

Colby-Sawyer College, New London, NH 

Chairs: Jerry Lin & Pierre Aimar 

Vice Chairs: Eric S. Peterson, N E. Benes & 

Frederick Stewart 


« Keynote Presentation: Realistically Expanding 
the Membrane Platform to Address Energy & 
Environmental Challenges 
(Jerry Y.S. Lin / William J. Koros) 

« Simulation: Predicting Membrane Structure and 
Performance 
(David Sholl / Benoit Roux / Doros Theodorou) 

« Membrane Structures 
(Klaus-Viktor Peinemann / Mihai Barboiu / Dibakar 
Bhattacharya / Sergy Minko) 

« Super-Permeability Membranes 

(Bruce Hinds / Karl Johnson) 

Synthetic Membranes: How Can We Learn from 

Nature? 

(Georges Belfort) 

« Membrane Characterization Techniques 
(Anita Hill / Brandon Rowe / Toshinori Tsuru) 

« Membranes for Power Generation 
(Peter Pintauro / Deborah Jones / Yushan Yan) 

e Membranes for Improving Energy Efficiency 
(Arian Nijmeijer / May-Britt Hagg / Martin Sintanaland) 

« Membranes for Water Treatment: Biofouling on 
Membranes 
(Hans-Curt Flemming / John Davis / D.J. Lee / Harry 
Ridgway) 


NEW! MEMBRANES: MATERIALS & 
PROCESSES (GRS) 

Novel Concepts For Current Global Challenges 
Jul 24-25, 2010 

Colby-Sawyer College, New London, NH 

Chairs: Justin R. Johnson & Manish Kumar 


The Gordon Research Seminar on Membranes: Materials 
& Processes is a unique forum for graduate students, 
post-docs, and other scientists with comparable levels of 
experience and education to present and exchange new 
data and cutting edge ideas. The focus of this meeting 

in general is novel membrane processes and materials. 
In particular, the topics for the 2010 GRS include: 

novel membrane materials, innovations in membrane 
processing, and new paradigms for next generation 
membrane applications. 


e Speakers: To be selected from submitted abstracts 

¢ Discussion Leaders: To be selected from submitted 
abstracts 

Keynote Speaker: Ingo Pinnau 

Mentorship Component: The GRC chairs (Jerry Lin 
and Pierre Aimar) will be in attendance at the GRS 
sessions and provide comments and encourage open 
participation modeled on the GRC component of the 
program 


METABOLIC BASIS OF ECOLOGY 

Metabolic Basis Of Ecology And Evolution 
Jul 18-23, 2010 

University of New England, Biddeford, ME 
Chairs: Brian J. Enquist & David Atkinson 

Vice Chairs: James J. Elser & Melanie E. Moses 


e Metabolism, Ecology, and Evolution 

(Brian J. Enquist, David Atkinson / Mark Westoby / 
Nick Lane) 

Mechanistic Foundations 

(Antony M. Dean / John Doyle / Andrew Allen / Mary 
Ann Moran) 

Resources and Metabolic Ecology / Evolution 
(Robert W. Sterner / Elizabeth T. Borer / Jon F. 
Harrison) 

Regulation of Metabolic Systems Across Scales 
(John Harte / D. Eric Smith / Morgan Ernest / Tim M. 
Lenton) 

A Metabolic Trait Basis for Ecology and Evolution 
(Peter B. Reich / Elena Litchman / lan J. Wright) 
Metabolic Ecology / Evolution and the Thermal 
Environment 

(Michael J. Angilletta / Andrew Clarke / Raymond B. 
Huey / David Storch) 

Metabolic Basis of a Predictive Global Change 
Science 

(Sandra Diaz / Simon Jennings / Paul R. Moorcroft) 
Energetics of Higher Levels of Organization 
(Michael Kaspari / Anna Dornhaus / Jennifer A. 
Dunne / Geerat J. Vermeij) 

The Future of Metabolic Ecology and Evolution 
(Carlos Martinez del Rio / Robert E. Ricklefs / 
Geoffrey B. West) 
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METALS IN MEDICINE 

Medicinal Inorganic Chemistry 

Jun 27 - Jul 2, 2010 

Proctor Academy, Andover, NH 

Chairs: Debbie C. Crans & Jan Reedijk 

Vice Chairs: Susan J. Berners-Price & A. Dean Sherry 


¢ Metals in Disease - New Frontiers in Iron 
Homeostasis 

(Debbie C. Crans, Jan Reedijk / Elizabeth Theil / 
Louis Brenner / Peggy Carver) 

Platinum Anticancer Agents 

(Nicholas P. Farrell / Stephen B. Howell / Ulrich 
Bierbach / Stephen J. Currier) 

Nuclear Medicine, Radioimmunotheraphy and 
Applications 

(Alan Packard / John F. Valliant / Michael Welch / 
Simon Robinson) 

Responsive Magnetic Resonance Imaging (MRI) 
Contrast Agents 

(Angelique Louie / Eva Toth / Martin Breichbiel / Silvio 
Aime / Janet Morrow) 

New Breaking topics I: Alzheimers, 
Neurodegenerative, Heart and Stroke Illnesses, 
Cellular Processes and Nanoscience 

(Bernard Meunier) 

New Investigator, Student, Postdoctoral and 
Industrial Presentations 

(Kenneth N. Raymond, Stephen J. Lippard) 
Advances in The Design of Non-Pt Anticancer 
Agents 

(Peter Sadler / Sue Berners-Price / Michael J. 
Hannon / Enzo Alessio) 

New breaking topics II: Nanomedicine, Diabetes, 
Chelators for Brain Metals, Anti robial 
Resistance 

(Alvin Crumbliss) 

Disease Targeting and Detection 

(A. Dean Sherry, Peter Caravan / Thomas Meade / 
Harry Gray) 


MICROBIAL STRESS RESPONSE 

Jul 18-23, 2010 

Mount Holyoke College, South Hadley, MA 
Chairs: Sarah E. Ades & Mark D. Goulian 
Vice Chair: Timothy J. Donohue 


Control of Stress Responsive Gene Expression 
(Susan Gottesman / Richard Gourse / Carol Gross / 
Sunney Xie) 

Oxidative Stress 

(Ursula Jakob / Chris Kaiser / John Helmann) 
Stress Sensing and Signal Transduction 
(Hendrik Szurmant / Regine Hengge / Michael Laub / 
Eduardo Groisman) 

Microbial Communities and Interactions with the 
Environment 

(Cameron Currie / Julie Segre / David Stahl) 
Antimicrobial Stress and Survival 

(Keith Poole / Roy Kishony / Jennifer Leeds / Ken 
Keiler) 

Stress in Applied and Environmental Microbiology 
(Timothy Donohue / Dianne Newman / Joshua 
Rabinowitz) 

Intracellular Damage Control 

(Tania Baker / Heran Darwin / Miroslav Radman / 
Julie Maupin-Furlow) 

Cell Shape, Development, and Growth 

(Petra Levin / Marie Elliot / Thomas Bernhardt) 

Cell Envelope Stress 

(Andrew Darwin / Diego de Mendoza / George 
O'Toole / Natividad Ruiz) 


MICROBIAL TOXINS & PATHOGENICITY 
Jul 11-16, 2010 

Waterville Valley Resort, Waterville Valley, NH 
Chair: Joseph T. Barbieri 

Vice Chair: Ralph R. Isberg 


« Keynote Presentations: Microbial Toxins and 
Pathogenicity 
(John Mekalanos / Jorge Galan / Pascale Cossart) 
« Mechanisms of Toxin Action 
(Steven Blanke / Rodney Tweten / Stephen Leppla / 
Dara Frank / Erec Stebbins / Klaus Aktories) 
Interactions of Bacteria with Plants and Lower 
Eukaryotes 
(Joanne Engel / Raffi Aroian / Karen Visick / David 
Guttman) 
Regulatory Mechanisms of Bacterial Pathogens 
(Scott Stibitz / Shelley Payne / Theresa Koehler 
/ Scott Merrell / Marsha Goldberg / Elizabeth 
Shakhnovich) 
« Pathogenic Properties of Macromolecular 
Complexes 
(Michael Donneberg / HungTon-That / Natalie 
Strynadka / Wim Hol) 
Cellular Microbiology 
(Beth McCormick / Kirsten Sandvig / James Bliska / 
Ted Hackstadt / John Leong / Kathryn Monroe) 
Translating Knowledge of Microbial Pathogenesis 
(Drusilla Burns | Davide Serruto / Cammie Lesser / 
Olaf Schneewind) 
Host-Pathogen Interactions 
(Joan Mecsas / Eric Rubin / Jenifer Coburn / Brad 
Cookson / William Goldman / Michele Swanson) 
« Mechanisms of Microbial Pathogenesis 
(Samuel Miller / Jeffrey Weiser / Scott Hultgren) 


NEW! MICROBIAL TOXINS & PATHOGENICITY (GRS) 
Molecular Mechanisms In Pathogenesis And 
Host-Microbe Interactions 

Jul 10-11, 2010 

Waterville Valley Resort, Waterville Valley, NH 

Chairs: Elizabeth A. Shakhnovich & Kathryn M. Monroe 


The Gordon Research Seminar on Microbial Toxins & 
Pathogenicity is a unique forum for graduate students, 
post-docs, and other scientists with comparable levels of 
experience and education to present and exchange new 
data and cutting edge ideas. The focus of this meeting 

is molecular mechanisms in pathogenesis and host- 
microbe interactions. Seminar sessions will cover topics 
including toxin structure and function, gene regulation, 
subversion of cellular processes by pathogens, activation 
and avoidance of innate immune mechanisms, and 
translational aspects of pathogenesis research. 


« Speakers: To be selected from submitted abstracts 

* Discussion Leaders: Kathryn Monroe and Elizabeth 
Shakhnovich 

« Keynote Speakers: Craig Roy 


MITOCHONDRIA & CHLOROPLASTS 

Jul 11-16, 2010 

ll Ciocco Hotel and Resort, Lucca (Barga), Italy 
Chair: Laurie S. Kaguni 

Vice Chair: Alice Barkan 


« Keynote Presentation: Mitochondrial Bioenergetic 


and Epigenomic Basis of Metabolic & 
Degenerative Diseases & Aging 
(Laurie Kaguni / Douglas Wallace) 

« Organelle Genome Structure, Variation and 
Evolution 
(Laurie Kaguni / Ralph Bock / Bill Martin) 


¢ Genome Transactions 
(Alice Barkan / Hans Spelbrink / Sally Mackenzie / lan 
Small / Maureen Hanson) 
Signaling 
(Jean-David Rochaix / Gerry Shadel / Dario Leister / 
Kan Tanaka) 
Protein Synthesis, Import / Modification and 
Turnover 
(Ken Cline / Rajendra Agrawal / Eric Shoubridge / 
Doron Rapaport / Klaas VanWijk / Heidi McBride) 
Organelle Dynamics: Transport, Fission and 
Fusion 
(Luca Scorrano / Kyle Miller / Francesc Palau) 
Complex Assembly, Bioenergetics and 
Metabolism 
(Francis-Andre Wollman / Christine Foyer / Hans- 
Peter Braun / Rosemary Stuart / Margaret Wong- 
Riley / Roland Lill) 
Stress, Apoptosis and Mitophagy 
(Harvey Millar / Paolo Bernardi / Koji Okamoto) 
Model Organisms and Organelle Dysfunction 
(Doug Wallace / Howy Jacobs / Rafael Garesse / 
Andrew Dillin / Anu Suomalainen / Tracey Rouault) 
« Disease and Aging 

(Howy Jacobs / Jose Cuezva / Carlos Moraes) 


NEW! MITOCHONDRIA & CHLOROPLASTS (GRS) 
Partnerships That Led To Eukaryotic Life 

Jul 10-11, 2010 

Il Ciocco Hotel and Resort, Lucca (Barga), Italy 
Chairs: Marcos T. Oliveira & Kristina Kihn 


The Gordon Research Seminar on Mitochondria & 
Chloroplasts is a unique forum for graduate students, 
post-docs, and other scientists with comparable levels 
of experience and education to present and exchange 
new data and cutting edge ideas. The focus of this 
meeting is to discuss the fascinating biology of the 
two main, bacteria-like, organelles in eukaryotic cells 
and their importance for eukaryotic life. The meeting 
will probe important biological questions in a wide 
spectrum of topics including organelle dysfunction, stress 
and disease, signaling and dynamics, and evolution, 
biosynthesis and metabolism. 


« Speakers: To be selected from submitted abstracts 
¢ Discussion Leaders: Roland Lill and Francis-André 
Wollman 
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Gold nanoparticles assembled into hierarchical clusters. Noble metal 
nanoparticles can be directed into 2D and 3D architectures by taking 
advantage of particle shape and selective chemical and biological 
functionalization of their surfaces. Such assembled structures show new 


ties compared to individual particles. mage designed 


lasan, Mark Huntington, Hanwei Gao, and Teri W. Odom. 
Submitted by Teri W. Odom, Chair, Noble Metal Nanoparticles GRC. 


MOLECULAR & CELLULAR NEUROBIOLOGY 
Jun 6-11, 2010 

Hong Kong University of Science and Technology, 
Hong Kong, China 

Chair: Kang Shen 

Vice Chair: Lin Mei 


Synaptic Transmission 

(Tom Sudhof / Josh Kaplan / Richard Tsien) 
Molecular and Cellular Basis of Behavior 

(Bob Horvitz / Yi Rao / Guoping Feng / Cori 
Bargmann) 

Cellular Plasticity Mechanisms 

(Mike Ehlers / Martha Constantine-Paton / Lu Chen) 
Neural Circuit Assembly and Function 

(Hitoshi Sakano / Sue McConnell / Kristen Scott) 
Neuronal Polarity 

(Lily Jan / Mu-ming Poo / Nancy Ip) 

Synapse Development 

(Louis Reichdart / Yishi Jin / Stephan Sigrist / Josh 
Sanes) 

Axon and Dendrite Development 

(Yuh-Nung Jan / Larry Zipursky / Alex Kolodkin) 
Molecular Basis of Neurological Diseases 
(Li-hui Tsai / Marc Tessier-Lavigne / Zhigang He) 
Circuit Plasticity Mechanisms 

(Bai Lu / Lynn Landmesser / Z. Josh Huang) 


MOLECULAR BASIS OF MICROBIAL ONE-CARBON 
METABOLISM 

Aug 1-6, 2010 

Bates College, Lewiston, ME 

Chair: Madeline E. Rasche 

Vice Chair: Julia Vorholt 


Genomics and Metagenomics of C1 Metabolism 
(Stephane Vuilleumier / Martin Klotz / Ludmila 
Chistoserdova) 

Methanogenesis 

(Seigo Shima / William Metcalf / Joseph Krzycki / 
Robert White / Cheryl Smith / John Leigh) 
Mechanisms and Regulation of CO, Fixation 
(F. Robert Tabita) 

Methylotrophy and Methanotrophy 

(Peter Dunfield / Colin Murrell / Christopher Marx / 
Marcellus Ubbink / Jean-Charles Portais) 
Anaerobic Methane Oxidation 

(Samantha Joye / Katharina Ettwig) 


e C1 Metabolism, Ecology, Physiology & the 
Environment 
(Thomas Hanson / Svetlana Dedysh) 
e Acetogenesis and CO Metabolism 
(Michael Rother / Stephen Ragsdale / Volker Mueller) 
« Autotrophy and Chemolithotrophy 
(Barbel Friedrich / Michael Jetten / lvan Berg / 
Richard Cooley / Nicole Dubilier) 
« C1 Perspectives 
(Rudolf Thauer) 


MOLECULAR MECHANISMS IN LYMPHATIC 
FUNCTION & DISEASE 

Jun 13-18, 2010 

ll Ciocco Hotel and Resort, Lucca (Barga), Italy 
Chair: Michael J. Detmar 

Vice Chair: Guillermo C. Oliver 


e Molecular Mechanisms in Lymphangiogenesis 
(Guillermo Oliver / Kari Alitalo / Peter Carmeliet / 
Stefan Schulte-Merker) 

Lymphatic Vessel Morphogenesis and Maturation 
(Elisabetta Dejana / Jayakrishna Ambate / Hirotake 
Ichise / Mark Kahn / Taija Makinen / Tatiana Petrova) 
Transcriptional Regulation of Lymphangiogenesis 
(Anne Eichmann | Young-Kwon Hong / Jan Kitajewski 
/ Peter Koopman / Guillermo Oliver) 

Signal Transduction in Lymphatic Endothelium 
(Laura Benjamin / Hellmut Augustin / Anne Eichmann 
/ Elisabetta Dejana / Masataka Majima) 

Lymphatic Anatomy and Transport 

(Gou Young Koh / Donald McDonald / Anatoliy 
Gashev / Melody Swartz) 

Lymphatic Vasculature in Immunity and 
Inflammation 

(Melody Swartz / Peter Baluk / David Jackson / Gou 
Young Koh / Gwendalyn Randolph) 

Lymph Nodes and Lymphatic Imaging 

(Kari Alitalo / Rakesh Jain / Eva Sevick-Muraca) 
Pathological Lymphangiogenesis 

(David Jackson / Claus Cursiefen / Satoshi Hirakawa 
/ Dontscho Kerjaschki / Joel Moss / Jens Titze) 
Therapeutic Strategies Targeting the Lymphatic 
Vasculature 

(Donald McDonald / Anil Bagri / Laura Benjamin / 
Stanley Rockson / Tuomas Tammela) 


MULTIPHOTON PROCESSES 
Jun 6-11, 2010 

Tilton School, Tilton, NH 

Chair: Mette Gaarde 

Vice Chair: David Villeneuve 


HHG and Attosecond Pulse Production 

(Olga Smirnova / Margaret Murnane / Katsumi 
Midorikawa / Thomas Brabec) 

Attosecond Electron Dynamics 

(Paul Corkum / Marc Vrakking / Hans-Jacob Worner / 
Johan Mauritsson) 

Ultrafast Coherent Control 

(Phil Bucksbaum / Tom Weinacht / Regina de Vivie- 
Riedle / Ingolf Hertel) 

Ultrafast Imaging 

(Nirit Dudovich / Stefan Hau-Riege / Alfred Maquet) 
Control of Light 

(lan Walmsley / Aaron Lindenberg / Jun Ye / Lou 
DiMauro) 

Free-Electron Laser Experiment and Theory 
(Roger Falcone / Nora Berrah / Peter Lambropoulos / 
Robert Moshammer) 


e Strong Field Processes in Molecules and Solids 
(Jon Marangos / Uwe Thumm / Henrik Stapeltfeldt / 
Roseanne Sension) 

e Superhigh Intensity Laser Fields 
(George Tsakiris / Christoph Keitel) 


MUSCULOSKELETAL BIOLOGY & BIOENGINEERING 
Aug 1-6, 2010 

Proctor Academy, Andover, NH 

Chair: Farshid Guilak 

Vice Chair: Kurt Spindler 


¢ Clinical Aspects of Musculoskeletal Disease 
(Joseph Buckwalter / Gunnar Knutsen / Lou Defrate 
/ Jay Parvizi) 

Systemic and Genetic Regulation of the 
Musculoskeletal System 

(Lynda Bonewald / Stephen Trippel / Di Chen / 
Tamara Alliston) 

Epigenetics 

(Trudy Roach / Min Du / Rocky Tuan / Phillipe Collas) 
Mechanobiology and Bioengineering 

(Yi-Xian Qin / Robert Sah / Stavros Thomopoulos / 
James latridis) 

¢ Non-Mammalian Models of Musculoskeletal 
Development and Disease 

(Steve Badlyak / Kelly Tseng / Charles Archer / Eileen 
Shore) 

Stem Cells and Tissue Engineering 

(Johnny Huard / Andrés Garcia / Anna Spagnoli / 
Helen Lu) 

High Throughput Analysis and Systems 
Approaches 

(John Bateman / Leonidas Alexopoulos / Jason 
Burdick / Kurt Hankenson) 

Imaging of Musculoskeletal Tissues 

(Connie Chu / Hollis Potter / Edward Schwarz / Brian 
Snyder) 


MUTAGENESIS 

Consequences Of Mutation And Repair For 
Human Disease 

Aug 1-6, 2010 

Colby College, Waterville, ME 

Chair: Nancy Maizels 

Vice Chair: Bruce Demple 


Keynote Presentations 

(Tom Petes / Richard Kolodner) 

Consequences of Oxidative and Environmental 
Stress 

(Bruce Demple / Tom Ellenberger / Sue Lovett / Wei 
Yang) 

Hereditable Repair Defects and Human Disease 
(Keith Caldecott / Yilun Liu / Bing Shen) 
Epigenetics and Mutagenesis 

(Sue Jinks-Robertson / Simon Boulton / Jim Haber / 
Kevin Hiom) 

Regulated Mutagenesis 

(Myron Goodman / Peter Burgers / Masaaki Moriya / 
Svend Petersen-Mahrt) 

DNA Damage, Cancer and Aging 

(Orlando Scharer / Sandy Chang / Joann Sekiguchi / 
John Tainer) 

Mutational Hotspots and Rare Diseases 

(Sergei Mirkin / Andrew Sharp / Marcel Tijsterman) 
Polymerase Infidelity and Cancer 

(Fumio Hanaoka / Dorothy Erie / Tom Kunkel / Roger 
Woodgate) 

Exploiting Mutagenesis for Therapy 

(Larry Loeb / Zvi Livneh / Yves Pommier) 


visit the frontiers of science... go toa gordon conference! (www.grc.org) 


Gordon Research Conferences: “Session II” 2010 Preliminary Programs (continued) 


NANOSTRUCTURE FABRICATION « Gas Generation/Migration and Sediment e Degeneration and Regeneration 
Jul 18-23, 2010 Deformation (Marc Freeman / Susan Ackerman / Stephen 
Tilton School, Tilton, NH (Bernard Boudreau) Strittmatter) 
Chairs: Shalom J. Wind & Robert A. Wolkow « Pore-Scale Models 
Vice Chair: Mark A. Reed (loannis Tsimpanogiannis / Ruben Juanes) 
« Continuum Models 
« Perspectives on Nanostructures and Nanodevices (Brian Anderson / Brandon Dugan) 
(Robert Wolkow / Louis Brus / Don Eigler) « Hydrate-Sediment-Fluid Interaction in Special NEW! NEUROBIOLOGY OF COGNITION 
e DNA-Based Assembly Circumstances Aug 1-6, 2010 
(Oleg Gang / Nadrian Seeman / Hanadi Sleiman / (Bjorn Kvamme) Waterville Valley Resort, Waterville Valley, NH 
Paul Rothemund) Chairs: Xiao-Jing Wang & Robert W. Desimone 
e Alternative Energy Technologies Vice Chairs: Nancy G. Kanwisher & Yang Dan 
(Loucas Tsakalakos / Charles Black / Wayne Materi) 
« Nanobiology « Neuronal activity and fMRI 
(Nikolaj Gadegaard / Joseph DeSimone / Joachim NATURAL PRODUCTS (Nikos Logothetis / Aniruddha Das) 
Spatz / Joanna Aizenberg) Jul 25-30, 2010 e Working Memory 
« Self-Assembled Systems Tilton School, Tilton, NH (Torkel Klingberg / Edward K. Vogel / Ranulfo Romo / 
(Paul Nealey) Chair: Jef K. De Brabander Albert Compte / David McCormick) 
« At the Limits of Lithography Vice Chair: Karl B. Hansen e Decision Making 
(Karl Berggren | Marija Drndic / John Notte) (Michael Shadlen / Paul Glimcher / Matthew 
e Nanoscience and Society « Synthesis and Function of Natural Products Rushworth / Ann Graybiel) 
(John Randall) (Martin Burke / Erick Carreira) © Selective Attention 
e Nanoelectronics « Catalysis and Reaction Discovery (Christof Koch / Sabine Kastner / John Reynolds / 
(Zhihong Chen / John Rogers / Gerhard Meyer / (Tomislav Rovis / Jeffrey Johnson / Matthew Francis) Tirin Moore / Michael Goldberg / David Heeger) 
Michelle Simmons) e Discovery Biology with Small Molecules e Memory Networks 
e Selected Short Talks from Poster Presentations (Patrick Harran / Justin Dubois) (Carol Barnes / Matthew A. Wilson / Gyorgy Buzsaki / 
(Mark Reed) « Isolation, Chemistry and Biology of Marine lla Fiete / John O'Keefe / Elisabeth Buffalo) 
Natural Products e Task Rules and Rule Switching 
(John MacMillan / Tadeusz Molinski / Raymond (Earl K Miller / Katsuyuki Sakai / Silvia Bunge / 
Andersen) Stefano Fusi / Okihide Hikosaka) 
« Total Synthesis of Natural Products e Large-Scale Brain Dynamics 
(P. Andrew Evans / Keisuke Suzuki) (Carl Petersen / Steven Petersen / Robert Knight 
« Synthetic Methodology and Catalysis / Stanislas Dehaene [Alexander M. Cruickshank 
(Joseph Ready / Jin-Quan Yu / Scott Denmark / Lecturer]) 
Jonathan Ellman) « Neurobiology of Cognitive Disorders 
« Synthesis of Natural Products (Judith Rapoport / David Lewis / Michael J. Frank) 


(Eun Lee / lan Paterson) 

Synthesis and Isolation of Natural Products 

(Jon Rainier / Emmanuel Theodorakis / Phil Crews / 
Peter Northcote) 

Natural Product Synthesis, Biology and Structure- 
Function Studies 

(Tomas Hudlicky / Paul Wender) 


NEURAL DEVELOPMENT 

Cultured epithelial (Vero) cells stained for microtubules (blue) and actin AUg 15-20,2010 

(pink/red). The cell on the right was transfected with a plasmid expressing Salve Regina University, Newport, RI 
GFP, which marks the cytoplasm. Submitted by Bruce L. Goode, Chair, Chair: Piali Sengupta 

Plant & Microbial Cytoskeleton GRC. Vice Chair: Franck Polleux 


« Keynote Presentations: Development of Synapses 


NEW! NATURAL GAS HYDRATE SYSTEMS and Circuits 

Hydrate-Sediment-Fluid Interactions At Pore To (Michael Greenberg / Cori Bargmann) 

Regional Scale « Patterning the Brain 

Jun 6-11, 2010 (Gord Fishell / Corinne Houart / Nenad Sestan / Alex 

Colby College, Waterville, ME Joyner) 

Chair: Carolyn Ruppel e Neuronal Stem Cells 

Vice Chair: Peter B. Flemings (Fiona Doetsch / Pierre Vanderhaeghen / Li-Huei 
Tsai) 

e Keynote Presentations: Integrating Laboratory « Cell Fate Specification 
Experiments, Theory, and Field Observations (Oliver Hobert / Sam Pfaff / Connie Cepko / Larry 
(Marta Torres / Bahman Tohidi) Zipursky) 

« New Field-Scale Constraints on Dynamic Gas « Neuronal Morphology, Polarity and Outgrowth 
Hydrate/Free Gas Systems (Yuh-Nung Jan / David Solecki / Kyonsoo Hong) 
(Ingo Pecher | Ray Boswell / Nathan Bangs / Ann « Synaptic Development and Technological 
Cook) Breakthroughs 

¢ Gas Hydrates and Microbe/Sediment Grain/Pore (Isabelle Mansuy / Yishi Jin / Rita Balice-Gordon / Nils — 
Fluid Feedbacks Brose / Jeff Lichtman / Liqun Luo) 

(Rudy Rogers / Rick Colwell) « Regulation of Neuronal Gene Expression 

e High-Resolution Laboratory Imaging (Nick Spitzer / Hitoshi Sakano / Michael Meaney) 
(William Waite / Yusuke Jin & Jiro Nagao / Tim « Genes to Circuits to Behavior 
Kneafsey / Devinder Mahajan) (David Anderson / Silvia Arber / Alex Kolodkin / 

e Gas Hydrates and Sediment Geomechanics Catherine Dulac) 


(Matthew Hornbach / J. Carlos Santamarina / Jocelyn 
Grozic / Nabil Sultan) 


= 
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Scanning force microscopy phase contrast image of a cylinder-forming 
triblock copolymer film on a curved surface. The Gaussian curvature of the 
surface induces alignment in the cylinders. The color corresponds to the 
strength of the Gaussian curvature, red to pink corresponds to negative, 
and the blue to yellow to positive Gaussian curvature. The features are just 
550 nm tall and 3.4 um wide. Courtesy of Edward J. Kramer, UCSB and 
‘Alexander Hexemer, Lawrence Berkeley Lab. Submitted by Karen |. 
Winey, Chair, Polymer Physics GRC. 


NEW! NOBLE METAL NANOPARTICLES 
Preparation, Modeling And Applications 
Jun 20-25, 2010 

Mount Holyoke College, South Hadley, MA 
Chair: Teri W. Odom 

Vice Chair: Michael J. Natan 


e Keynote Presentations: Challenges and 
Opportunities in Metal Nanoparticles 
(Teri Odom / Mostafa El-Sayed / Chad Mirkin) 

e Advances in Synthesizing Metal Nanoparticles 
(Jennifer Shumaker-Perry / Marie-Paule Pileni / 
Younan Xia / Francesco Stellacci) 

e Assembly and Properties of Metal Nanoparticles 
(Andrea Tao / Carsten Sonnichsen / Bartosz 
Gryzbowski / Juergen Biener) 

e Modeling Nanostructures 
(George Schatz / Christine Aikens / Peter Nordlander) 

e Young Investigators 
(Michael Natan / Amanda Haes / Rongchao Jin / 
Hong Yan) 

e New Tools for Determining Structure / Non-linear 
Properties 
(Katherine Willets / Jan Liphardt / Anton Plech / Greg 
Hartland) 

e Plasmonic Particles and Biomedical Applications 
(Naomi Halas / Rebekah Drezek / Jin Zhang / 
Catherine Murphy / Warren Chan) 

e Supported Particles and Catalysts 
(Jeroen van Bokhoven / Wayne Goodman / Peng 
Chen / Paul Mulvaney) 

e Nanoparticles, the Environment, and Energy 
(Jiaxing Huang / Jim Hutchinson / Vicki Colvin / 
Michael Wong) 

e SERS and Single Molecules 
(Richard Van Duyne | John Lombardi / Martin 
Moskovits / Dana Dlott) 


NEW! NOX FAMILY NADPH OXIDASES 
Towards Understanding Nox/Duox Function 
Jun 6-11, 2010 

Les Diablerets Conference Center, Les Diablerets, 
Switzerland 

Chair: Miklos Geiszt 

Vice Chair: Robert A. Clark 


* Novel Concepts in ROS Research 
(Robert A. Clark / Christine Winterbourn / Tobias P. 
Dick) 

« Activation and Regulation of Noxes 
(Edgar Pick / Hideki Sumimoto / Bernard Lasségue / 
Phillip T. Hawkins / Thomas Leto) 

« Hydrogen Peroxide: An Emerging Messenger and 
Effector 
(J. David Lambeth / Niren Murthy / Natalie Torok / 
Ralf P. Brandes) 

* Animal Models to Understand Nox/Duox Function 
(Ajay Shah / David Bergstrom / Chihiro-Yabe 
Nishimura / Karl-Heinz Krause) 

e Lessons from Non-Mammalian Systems 
(Barry Scott / Won-Jae Lee / Danielle Garsin / Daigo 
Takemoto) 

e Nox Enzymes: Structures and Structural Effects 
(Frangoise Morel / J. David Lambeth / Franck Fieschi) 

« Noxes in Disease Pathogenesis 
(Patrick J. Pagano / Mary C. Dinauer / Ajay Shah / 
Ulla G. Knaus) 

« Nox, Reactive Oxygen, and lon Channels 
(Nicolas Demaurex / Asrar B. Malik / Markus Hoth / 
Nicolas Demaurex) 

« Noxes and Peroxidases 
(Thomas Leto / William Nauseef / Paul Ortiz de 
Montellano) 


NEW! OCEANS & HUMAN HEALTH 

Jun 13-18, 2010 

University of New England, Biddeford, ME 
Chairs: Edward A. Laws & Lorraine Backer 

Vice Chairs: D. Jay Grimes & Tom H. Hutchinson 


Ocean Pharmacopia 
(William Gerwick / Mark Hamann / Russell Hill) 
Recreational Waters 
(Lora Fleming | Alexandria Boehm / Lisa Plano / 
Stephen Weisburg) 
Modeling and Prediction 
(Mary Silver / Dennis McGillicuddy / Mercedes 
Pascual) 
Practical Applications of ‘Omics 
(Marion Savill / Debashish Bhattacharya / Steven 
Roberts / Ed DeLong) 
(R)evolution in Seafood Safety 
(Julie Caswell / Helen Jensen / Crystal Johnson / 
Robert Dickey) 
Oceans and Human Health International 
(Fred Dobbs / lan Stewart / Monique Pommepuy / 
Rudolf Wu) 
« Cyanobacteria 

(Paul Cox / Geoff Codd / Hans Paerl / Elijah 

Stommel) 
* Oceans in a Warmer World 
(Kris Ebi / Joanie Kleypas / Dave Hutchins) 
One Health 
(Lisa Conti / Michael Moore / Peter Rabinowitz) 


NEW! OCEANS & HUMAN HEALTH (GRS) 

Jun 12-13, 2010 

University of New England, Biddeford, ME 

Chairs: M. Maille Lyons, Daphne Carlson Bremer & 
Kristi S. Shaw 


The Gordon Research Seminar on Oceans & Human 


Health is a unique forum for graduate students, post- 
docs, and other scientists with comparable levels of 
experience and education to present and exchange new 
data and cutting edge ideas. The focus of this meeting 
is the present, future, and potential effects of oceanic 
processes and marine organisms on human health and 
wellbeing. The unresolved impacts of global climate 
change, coastal development, and intercontinental 
dispersal of harmful organisms present tremendous 
challenges because of the interrelationships among 
human, animal, and ecosystem health impacts from 
threats that are increasingly ubiquitous in marine 
ecosystems, such as heavy metals, marine toxins, 
aquatic pathogens (including zoonoses), and synthetic 
organic chemicals. 


e Speakers: To be selected from submitted abstracts 

e Discussion Leaders: Ed DeLong and Lisa Conti 

« Keynote Speakers: Lora Fleming, “Seas, Society, 
and Human Well-being: The Crossroads of Public 
Health and Oceanography” 

e Mentorship Component: “Career options in Oceans 
and Human Health (a.k.a. how to get a job)", a career 
panel featuring Crystal Johnson, Dale Griffin, Paul 
Sandifer, Robert Dickey and Tom Hutchinson 


ORGANIC GEOCHEMISTRY 

Aug 1-6, 2010 

Holderness School, Holderness, NH 
Chair: Clifford C. Walters 

Vice Chair: Timothy |. Eglinton 


Astrobiology / Cosmochemistry 

(Joseph Nuth / Mary Voytek / Jamie Elsila) 
Petroleum Systems / Reservoir Processes 
(Erdem Idez / Andrew Bishop / Matt Ashby) 
Molecular Biogeochemistry of Microbial Systems 
(Tim Eglinton / Ben Van Mooy) 

Modern Organisms: Vital Systems for Interpreting 
Ancient Molecular Fossils 

(Ann Pearson, Roger Summons / Paula Welander / 
Dave Doughty / Meytal Higgins / Chris Dupont / Mak 
Saito) 

e Ultra-Deep Biosphere 

(T.-C. Onstott / Michel Magot / Fumio Inagaki / Esta 
van Heerden) 

Unconventional Petroleum: Present and Future 
(Michael Lewan / Chris Boreham / Sylvain Bernard / 
Stephen Mayfield) 

Frontiers in Biogeochemistry 

(Tim Eglinton) 

Molecular and Isotopic Proxies - Paleoclimatology 
and Paleoceanography 

(Richard Pancost | Jess Tierney / Matt Huber) 
Frontiers in Energy 

(Tim Eglinton) 


ORGANIC REACTIONS & PROCESSES 

Jul 18-23, 2010 

Bryant University, Smithfield, RI 

Chair: Richard P. Hsung 

Vice Chairs: Todd D. Nelson & Rodney L. Parsons 


« New Strategies and Synthesis | 
(Rob Maleczka / Amos Smith / Tom Hoye) 
« Novel Strategies for Catalysis | 
(Rebecca Hoye / Kazuaki Ishihara / Joe Fox) 
e New Strategies and Synthesis II 
(Doug Franz / Mike Crimmins / Pauline Chiu) 
e Novel Strategies for Catalysis Il 
(Pascal Dube | Takahiko Akiyama / Janine Cossy) 
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New Methods and Synthesis | 

(Hannah Yu / Keisuke Suzuki / Tristan Lambert / Kai 
Rossen) 

Organometallic Reactions and Green Methods 
(Armen Zakarian / George O'Doherty / Greg Cook) 
New Methods for Asymmetric Synthesis | 

(Jean Suffert / Marisa Kozlowski / Weiping Tang) 
Novel Strategies and Synthesis II 

(Daesung Lee / Jeff Aube / Dale Boger) 

New Methods and Synthesis II 

(Fei Liu / Vic Sneickus / Paul Floreancig) 

Novel Methods and Synthesis III 

(Pauline Chiu / Nancy Totah / Keith Woerpel / Ramon 
Vargas) 

New Strategies and Synthesis III 

(Weiping Tang / Scott Rychnovsky / Matt McIntosh) 
Poster Presentations 

(Rod Parson) 

Organic Chemistry and Ecology 

(Todd Nelson, Rod Parson / Jerry Meinwald) 


ORGANOMETALLIC CHEMISTRY 
Fundamental Advances And New Applications 
Jul 11-16, 2010 

Salve Regina University, Newport, RI 

Chair: Richard F. Jordan 

Vice Chair: Emilio E. Bunel 


New Structures and Reactivity 

(Maurice Brookhart / Douglas Stephan / Thomas 
Rauchfuss) 

Organic Synthesis Applications 

(Andreas Pfaltz / Aiwen Lei / Robert Morris / 
Veronique Gouverneur) 

New Reactions 

(Bernadette Donovan-Merkert / Guy Bertrand / 
Frangois Gabbai / Gerhard Erker) 

Applications in Polymers and Materials Science 
(Stéphane Rigaut / Eugene Chen / lan Manners / 
Peter Budzelaar / Haruyuki Makio) 

New Strategies in Catalysis 

(Margarete Leclerc / Morris Bullock / Susannah Scott) 
Fundamental Aspects of Catalysis 

(Russell Hughes / T. Brent Gunnoe / Donald 
Darensbourg / Lisa Rosenberg) 

New Ligand Platforms 

(Christopher Burns / Aaron Sadow / Tracy Hanna) 
Early Transition Metals and Lanthanides 
(Zhaomin Hou / Jean-Francois Carpentier) 
Renewable Resources and Sustainability 
(Gregory Hillhouse / James Stevens / Jonas Peters) 


ORGANOMETALLIC CHEMISTRY (GRS) 
Jul 10-11, 2010 

Salve Regina University, Newport, RI 
Chair: Tiffany R. Maher 


The Gordon Research Seminar on Organometallic 
Chemistry is a unique forum for graduate students, 
post-docs, and other scientists with comparable levels 
of experience and education to present and exchange 
new data and cutting edge ideas. The focus of this 
meeting is to discuss cutting edge advances in the field 
of organometallic chemistry as they relate to areas such 
as catalysis of organic transformations, small molecule 
activation, alternative energy sources, and novel 
materials. The scope of this conversation will include 
studies involving f-block metals (featuring key note 
speaker Professor Richard Andersen of UC, Berkeley), 
innovative organic ligands, and industrial applications. 


Speakers: To be selected from submitted abstracts 
Discussion Leaders: Emilio Bunel 
Keynote Speakers: Richard Andersen 


visit the frontiers of science... go to a gordon conference! 


OSCILLATIONS & DYNAMIC INSTABILITIES IN 
CHEMICAL SYSTEMS 

Jul 4-9, 2010 

Il Ciocco Hotel and Resort, Lucca (Barga), Italy 
Chair: Oliver Steinbock 

Vice Chair: Tomohiko Yamaguchi 


« Chemical Selforganization 
(Annette Taylor / Kenneth Showalter / Irving Epstein) 
« Systems Chemistry 
(Jerzy Maselko / Juan Manuel Garcia Ruiz / Ginter 
von Kiedrowski / Bartosz Grybowski) 
« Recent Highlights | 
(Desz6é Horvath) 
* Self-Motion and Molecular Machines 
(Milan Stojanovic / Raymond Kapral / Alexander 
Mikhailov / Takao Ohta) 
« Materials Synthesis far from Equilibrium 
(Anna Balazs / Asakura Kouichi / John Pojman) 
« Complexity and Transport 
(Patrick De Kepper / Dwight Barkley / Anne De Wit / 
Eberhard Bodenschatz), 
« Recent Highlights II 
(Tomohiko Yamaguchi) 
e Nonlinear Reaction Dynamics in Biology 
(J6rn Davidsen / Karsten Kruse / Alexander Panfilov / 
Julyan Cartwright) 
Instabilities in Electrochemistry 
(Harm Rotermund / Shuij Nakanishi / Katharina 
Krischer) 


PHOSPHORYLATION & G-PROTEIN MEDIATED 
SIGNALING NETWORKS 

Jun 6-11, 2010 

University of New England, Biddeford, ME 

Chairs: Brendan D. Manning & Jin Zhang 

Vice Chair: John J. Tesmer 


« Cellular Regulation of Protein Phosphorylation 
(James Ferrell / Tony Hunter / Tony Pawson / John 
Scott) 

« Keynote Presentations: Molecular Dissection of 

Kinase Signaling 

(Dario Alessi / Susan Taylor) 

Emerging Signaling Networks - Stress Response 

(Melanie Cobb / Gary Johnson / David Ron) 

Emerging Signaling Networks - Nutrient and 

Energy Sensing 

(John Blenis / Grahame Hardie / David Sabatini / 

Reuben Shaw) 

Emerging Signaling Networks - Growth Factor 

Pathways 

(Dafna Bar-Sagi / Morris Birnbaum / Benjamin Neel) 

Emerging Signaling Networks - Oncogenes and 

Tumor Suppressors 

(Karen Cichowski / J. Silvio Gutkind / Jean Wang) 

« Approaches to Understand the Phosphoproteome 
(Natalie Ahn / Anne-Claude Gingras / Ben Turk) 

« Targeting Kinases and Phosphatases for the 
Treatment of Diseases 
(Philip Cole / Dustin Maly / Zhong-Yin Zhang) 

« Molecular and Structural Basis of 
Phosphorylation-Regulated Signaling 
(Alexandra Newton / John Tesmer / Michael Yaffe) 


PHOTONUCLEAR REACTIONS 

Aug 1-6, 2010 

Tilton School, Tilton, NH 

Chair: Rolf Ent 

Vice Chairs: Misak M. Sargsian & Marc Vanderhaeghen 


e The Internal Spatial and Spin Structure of the 
Nucleon | 
(Jerry Miller / Bogdan Wojtsekhowski / Carl Carlson / 
Jan Bernauer) 

¢ The Internal Spatial and Spin Structure of the 
Nucleon II 
(Paul Hoyer / Julie Roche / Constantia Alexandrou / 
Vladimir Pascalutsa) 

¢ The Internal Spatial and Spin Structure of the 
Nucleon III 
(Allena Opper / Krishna Kumar / Frank Maas / Nikolai 
Kivel) 

e The Spectrum of Excitations of the Nucleon 
(Kashuzige Maeda / Ulrike Thoma / Hiroki Kanda / 
Simon Sirca) 

e The Pion and the Spectrum of Mesons 

(Achim Denig / Thiemo Nagel) 

The Structure of Few-Body and Exotic Nuclei 

(Kostas Orginos / Evgeny Epelbaum / Werner Boeglin 

/ Duncan Middleton / Antonio Vairo / Tomofumi 

Maruta) 

e Photo-Nuclear Processes and Their Implications 
for High-Density Nuclear Matter | 
(Eli Piasetzky / Patricia Solvignon) 

e Photo-Nuclear Processes and Their Implications 
for High-Density Nuclear Matter II 
(Claudio Ciofi Degli Atti / Alfred Stadler / lan Cloet / 
Keith Griffioen / Ulrich Mosel / Ishay Pomerantz) 

¢ Direct Searches of Physics Beyond the Standard 
Model 
(Larry Cardman / Peter Fisher) 


(www.gre.org) 
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) 
‘« Innovative Labs and Approaches 


(David Jackson | Joseph Amato / Matthew Lang / 
Jan-Peter Meyn) 

Frontiers in Experimental Physics 

(Ann Silversmith | Sara Eno / Charlie Johnson) 

Labs and Conceptual Learning 

(Homeyra Sadaghiani / Dean Zollman / John Belcher 
/ MacKenzie Stetzer) 

Keynote Presentations: Mentoring Through 
Research 

(Mel Sabella / Eric Mazur / Hideo Mabuchi) 


PLANT & MICROBIAL CYTOSKELETON 

The Machinery Driving Motion And Structure In Cells 
Aug 8-13, 2010 

Proctor Academy, Andover, NH 

Chair: Bruce L. Goode 

Vice Chair: Laurie G. Smith 


Plant, Fungal, and Bacterial Cytoskeletons & 
Keynote Presentation 

(Laurie Smith | Geoff Wasteneys / Danny Lew / Petra 
Levin / Harold Erickson) 

Cell Shape Determination 

(Wei Guo / Fred Chang / Wallace Marshall / Christine 
Jacobs-Wagner / Zhenbiao Yang / Peter Philippsen) 
Control of Cell Division 

(Fred Chang / Erfei Bi / Kathy Gould / Joe Pogliano / 
John Cooper) 

Microtubule Dynamics and Function 

(Susan Dutcher / David Ehrhardt / Marileen Dogterom 
/Takeashi Hashimoto / Bill Margolin / Olivier Hamant) 
Short Talks Selected from Abstracts 

(Wallace Marshall) 

Cytoskeletons of Protists 

(Erfei Bi / Susan Dutcher / Zac Cande) 

Actin Dynamics and Intracellular Traffic 

(Bruce Goode / Tony Bretcher / Chris Staiger / Liza 
Pon / David Drubin) 

Microbial Pathogen Entry and Movement 
(Christine Jacobs-Wagner | Adrienne Hardham / 
Manfred Heinlein) 

Cellular Regulation of Actin Dynamics / Keynote 
Presentation 

(Dave Kovar / |sabelle Sagot / Magdelena Bezanilla / 
Jeff Errington / David Amberg / Andreas Nebenfuhr / 
Tom Pollard) 


HETpan Actin IF. Endogenous B-actin mRNA (Red) localizes to the leading 
edge of a mouse embryo fibroblast (MEF) isolated from day 14.5 MS2 
B-actin (MBS) HET embryos using a Cy3-labeled FISH probe recognizing 
the mouse -actin 3'UTR. The actin cytoskeleton is shown in green using 
indirect immunofluorescence with a primary antibody recognizing all 
actin isoforms. Alexa 488 was conjugated to the secondary antibody for 
fluorescence visualization. The nucleus is stained with DAPI (blue). Courtesy 
of Amber Wells and Robert H. Singer. Submitted by Lynne E. Maquat, 
Chair, Biology of Post-Transcriptional Gene Regulation GRC. 


PLANT MOLECULAR BIOLOGY 
Jul 18-23, 2010 

Holderness School, Holderness, NH 
Chair: Jonathan D. Jones 

Vice Chair: Michael R. Sussman 


Keynote Presentation: Understanding and 
Improving Plant Germplasm 

(Susan McCouch) 

Genomics Natural Variation and Crop 
Improvement 

(Joe Ecker, Magnus Nordborg / Magnus Nordborg / 
Zach Lippman / Ted Crosbie / Oliver Ratcliffe / Joe 
Ecker / Kirsten Bomblies / Joanna Schmidt) 
Epigenetics 

(Jonathan Jones / Rob Martienssen / Marjori Matzke / 
Eric Richards / Olivier Voinnet) 

Protein and Small Molecule Dynamics in Plant 
Biology 

(Mark Estelle / Steve Briggs / Mike Sussman / Yair 
Shachar Hill) 

Cross Talk in Hormone Signalling 

(Mike Sussman | Mark Estelle / Jose Alonso / Joanne 
Chory / Sean Cutler) 

Plant Signalling Molecules and Plant Disease 
(Joanne Chory / Corne Pieterse / Roberto Solano / 
Jane Glazebrook) 

Plant Disease Resistance and Susceptibility 
(Steve Briggs, Paul Schulze-Lefert / Jeff Dangl / Xin 
Li/ Paul Schulze-Lefert / Pam Ronald / Ulla Bonas / 
Brian Staskawicz / Peter Dodds) 


PLASMA PROCESSING SCIENCE 

Plasma Processing Science and Societal Grand 
Challenges 

Jul 11-16, 2010 

Colby-Sawyer College, New London, NH 

Chair: Uwe Kortshagen 

Vice Chair: Richard Van De Sanden 


Plasmas and Renewable Energy | 

(Richard van de Sanden / Michael Stowell / Hartmut 
Wiggers) 

Plasma-Enabled Medicine 

(Alexander Fridman / David Graves / Greg Morfill / 
Michael Kong) 

Plasma Kinetics 

(Yevgeny Raitses / Annemie Bogaerts / Igor 
Kaganovich) 

Plasma Surface Interactions and Modification 
(Achim von Keudell | Farzaneh Arefi-Khonsari / Sumit 
Agarwal) 

Plasmas for Environmental Remediation 
(Antoine Rousseau) 

Plasmas Generation 

(Satoshi Hamaguchi / Mohan Sankaran / Igor 
Adamovich) 

Plasma Waste Treatment 

(Joachim Heberlein / Taka Watanabe / Amelie Hacala) 
Multi-Phase Plasmas 

(John Goree / Peter Bruggeman / Tomohiro Nozaki / 
Steven Girshick) 

Plasmas and Renewable Energy II 

(Tim Sommerer) 


NEW! PLASMA PROCESSING SCIENCE (GRS) 
Plasma In Nanomaterials, Plasma In Biology/ 
Medicine, And The Analysis Of Plasmas 

Jul 10-11, 2010 

Colby-Sawyer College, New London, NH 

Chairs: Gregory Fridman, Rebecca J. Anthony & 
Moogega Cooper 


The Gordon-Kenan Research Seminar on Plasma 


Processing Science is a unique forum for graduate 
students, post-docs, and other scientists with comparable 
levels of experience and education to present and 
exchange new data and cutting edge ideas. The focus 

of this meeting is on plasma in nanomaterials, plasma 

in biology/medicine, and the analysis of plasmas. The 
Plasma Processing Science GRS is able to provide an 
environment of uninhibited communication and growth. 


e Speakers: Young Sik Seo and others to be selected 
from submitted abstracts 

¢ Discussion Leaders: Erdinc Karakas and others to 
be selected from submitted abstracts 


Neural differentiation of mouse Ext1 -/- Embryonic stem cells (ES) on the 
surface of electrospun PLGA functionalised with heparan sulphate (HS). 
These cells, lacking the ability to synthesise HS, are unable to undergo 
neural differentiation in the absence of an exogenous source of HS. The 
immobilised HS on the scaffold has rescued the neural differentiation 
capacity of EXT1-/- ES cells resulting in Blll tubulin positive neural processes 
to extend out of the cell aggregates and across the scaffold (Bill tubulin: 
Green, Nucleus using DAPI stain: blue). Photograph by Kate Meade and 
Cathy Merry, Materials Science, University of Manchester, UK. Submitted 
by Marian F. Young, Chair, Proteoglycans GRC. 


NEW! PLASMONICS 

The Science And Engineering Of Nanoscale Optics 
Jun 13-18, 2010 

Colby College, Waterville, ME 

Chair: Naomi J. Halas 

Vice Chair: Nader Engheta 


e Plasmonics: Transitioning to Technologies 

(A. Polman / Federico Capasso / Martin Moskovits / 
Chad Mirkin) 

Nanoplasmonics 

(Mark Stockman / Lukas Novotny / Olivier Martin / 
Prabhat Verma / Niek Van Hulst) 

Active Plasmonics 

(Jennifer Dionne / Mark Brogersma / Alex Bouhelier / 
Joachim Krenn) 

Plasmonic Sensing and Spectroscopies 

(Romain Quidant / Mikael Kall / Annemarie Pucci / 
Zee Hwan Kim / Jochen Feldmann) 

Terahertz Plasmonics 

(Toni Taylor / Richard Averitt / Daniel Mittleman / Dai 
Sik Kim) 

Quantum Plasmonics 

(Peter Nordlander / Shiwu Gao / Lasse Jensen / Alex 
Govorov / George Schatz) 

Coherence, Cooperativity, Complexity 

(Vladimir Shalaev / Jean-Jacques Greffet / F. Javier 
Garcia de Abajo / Vahid Sandoghdar) 
Metamaterials, Gain and Propogation Effects 
(Xiang Zhang / L. Kuipers / Harald Giessen / Mikhail 
Noginov / Rainer Hillenbrand) 

Plasmonics: Perspectives and Predictions 
(Nader Engheta / Harry Atwater) 
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NEW! PLASMONICS (GRS) 

The Science And Engineering Of Nanoscale Optics 
Jun 12-13, 2010 

Colby College, Waterville, ME 

Chairs: Mark W. Knight & James B. Lassiter 


The Gordon-Kenan Research Seminar on Plasmonics 

is a unique forum for graduate students, post-docs, and 
other scientists with comparable levels of experience and 
education to present and exchange new data and cutting 
edge ideas. The focus of this meeting will be recent 
developments in fundamental and quantum plasmonics, 
active plasmonics and devices, and nonlinear and 
ultrafast plasmonics. In addition to student talks and 
posters, this meeting will feature an introduction to 
electrodynamics modeling and a round table discussion 
with leading researchers on career development. 


e Speakers: To be selected from submitted abstracts 
¢ Discussion Leaders: Jennifer Dionne and Vahid 
Sandoghdar 

Keynote Speakers: Yaroslav Urzhumov 
Mentorship Component: “Developing Careers in 
an Emerging Field", a career panel featuring Richard 
Averitt, Jennifer Dionne, Rainer Hillenbrand, Martin 
Moskovits, Vahid Sandoghdar, and Toni Taylor 


POLYMER PHYSICS 

Jun 27 - Jul 2, 2010 

Mount Holyoke College, South Hadley, MA 
Chair: Karen |. Winey 

Vice Chair: Scott T. Milner 


e Electron and lon Transport 

(Rachel Segalman, Ulrich Wiesner / Yueh-Lin (Lynn) 
Loo / Nitash Balsara) 

Responsive Self-Assembled Systems 

(Mahesh Mahanthappa, Carl Willis / Stuart Rowan / 
Kurt Kremer / Timothy Lodge) 

Adhesion 

(Russell Walters, Edwin Chan / Costantino Creton / 
Anna Balazs) 

Polymer Nanocomposites 

(Jeff Meth, John Torkelson / Catherine Brinson / 
Russell Composto / Amalie Frischknecht) 
Dynamics in Heterogeneous Systems 

(Lou Madsen, Connie Roth / James Runt / Nigel 
Clarke) 

Polymer Crystallization 

(Edwin Thomas, Rufina Alamo / Scott Milner / Charles 
Han / Murugappan Muthukumar) 

Polymers in Photovoltaics 

(Michael Mackay | Michael McGehee / Martin 
Brinkmann) 

Charged Assemblies 

(Yossef Elabd, Monica Olvera de la Cruz / Juan De 
Pablo / Kookheon Char / Donald Paul) 

Mechanical Forces to Control Structure 

(Karim Alagmir, Peter Green | Mary Boyce / Edward 
Kramer) 


POST-TRANSCRIPTIONAL GENE REGULATION, 
THE BIOLOGY OF 

Jul 18-23, 2010 

Salve Regina University, Newport, RI 

Chair: Lynne E. Maquat 

Vice Chair: Manuel Ares 


e Nuclear RNA Metabolism: The Transcription 
Connection 
(Alberto Kornblihtt / Tracy Johnson / Karla 
Neugebauer / Nick Proudfoot) 


Bioinformatics: Gene Expression and RNAomics 
(Christopher Burge / Gary Schroth / Benjamin 
Blencowe / Brenton Graveley / Jonathan Weissman) 
RNA Processing Dysfunctions in Disease 

(Jane Wu / Adrian Krainer / Manuel Ares / Mariano 
Garcia-Blanco) 

RNA Splicing Catalysis, Regulation and Fidelity 
(Douglas Black / Masatoshi Hagiwara / Juan 
Valcarcel / Xiang-Dong Fu) 

RNA Transport and Localization 

(Anita Hopper / Susan Wente / Robert Singer) 
Non-Coding RNAs 

(Witold Filipowicz / Shobha Vasudevan / Javier 
Caceres / Anastasia Khvorova / Olivier Voinnet) 
Translational Control 

(Anne Ephrussi / Fatima Gebauer / Wendy Gilbert / 
Rachel Green) 

RNA Turnover 

(Roy Parker / Jeff Coller / William Marzluff / Melissa 
Moore / Sandra Wolin) 

RNA/ RNP Structure 

(Jennifer Doudna / Erik Sontheimer / Anna Marie Pyle 
/ Myriam Gorospe) 


POSTHARVEST PHYSIOLOGY 

Postharvest Quality And Sustainability: Genomics 
To Consumer Experience 

Jun 27 - Jul 2, 2010 

Tilton School, Tilton, NH 

Chair: Elizabeth A. Baldwin 

Vice Chair: John K. Fellman 


Postharvest Losses and Shelf Life Quality 
(Michael Reid / Adel Kader / Penny Perkins-Veazie/ 
John Fellman) 

Ethylene, Ripening and Senescence 

(James Mattheis / Cornelius Barry / Donald Huber / 
Michelle Jones / Christopher Watkins) 

¢ Chilling Injury 

(Susan Lurie / Antonio Granell / Theresa Lafuente) 
Fresh-cut Fruits and Vegetables 

(Mikal Saltveit / Robert Soliva / Charles Forney / 
Peter Toivonen) 

Systems Approaches to Postharvest 

(lan Ferguson / Bart Nicolai / Maarten Hertog / David 
Rudell / Robert Schaffer) 

Flavor and the Flavor Experience 

(Randy Beaudry / Harry Klee / David Clark / Mathilde 
Causse) 

« Fruit Pathogen Interactions 

(John Labavitch / Dov Prusky / Dario Cantu) 
Nutrients / Phytonutrients and Human Health 


(Penny Perkins | Stephen Talcott / Gary Williamson / 


Susanne Mertens-Talcott) 
Sustainability of Postharvest Systems 


(Christopher Watkins / Ernesto Brovelli /EvaAlmenar 


/ Gareth Edwards-Jones) a 


Jul 18-23, 20 
Colby-Sawyer College, New London, WH 
Chair: Robert Day 

Vice Chair: Lloyd D. Fricker 


« Activation and Inl 
(Claude Lazure / Robert Fu ler / I 
Shinde / James Wells) 


e Golgi, Endosomes, Lysosomes: Trafficking and 
Sorting 
(Gail Cornwall / Klaudia Brix / Scott Emr / Sharon 
Tooze / Juan Bonafacino / William Balch) 
e New Developments in Proprotein Processing 
Enzymes 
(Kevin Moore / Jianghong Rao / Daniel Constam) 
New Insights From Knockout Animals 
(Donald Steiner / Richard Mains / Anne-Marie Malfait 
/ John Creemers / Walter Luyten / Lloyd Fricker / 
Nabil Seidah) 
Proprotein Processing and Disease 
(Claire Dubois / Y. Peng Loh / Abdel-Majid Khatib) 
Molecular Mechanisms of Secretion 
(Ron Holz / John Hutton / Walter Nickel / Roland Riek 
/ Sanford Simon / John Bergeron) 
Mechanism Controlling the Neurosecretory 
Phenotype 
(Paul Taghert / Jason Mills / Jacopo Meldolesi) 
Proprotein Processing and Trafficking: 
Therapeutic Antiviral Approaches 
(John Creemers / Wolfgang Garten / Frangois Jean / 
Hidde L. Ploegh / Gary Whittaker / Gary Thomas) 
Proprotein Convertases and Cardiovascular 
Diseases 
(Nabil Seidah / Ayesha Sitlani / Annik Prat / Rex 
Parker) 
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mn / Brian Bigger / 


kers and the Bone: 


I | Sanderson Israel Vlodavsky / Andreas Friedl 
ie Simpson) 


» Regenerative Medicine and Therapeutics 


The recent discovery of receptors and targets of the plant hormone ABA 
in plants raises new hopes for improving water use efficiency in crops. 
The image refers to the discovery of an ABA receptor by Sean Cutler and 
colleagues (Science Issue 5930, 2009) and several related papers published 
over the last year in high impact journals. Submitted by Anna Amtmann, 
Chair, Salt & Water Stress In Plants GRC. 


(Robert Linhardt / David McQuillan / Robert Mecham 
/ Yu Yamaguchi) 


RADIATION CHEMISTRY 

Radiation Driven Processes In Physics, 
Chemistry, And Biology 

Jul 18-23, 2010 

Proctor Academy, Andover, NH 

Chair: Thomas M. Orlando 

Vice Chair: William A. Bernhard 


New Ultrafast Radiation Studies 

(lan Carmichael / Margaret Murname / Henry Kapteyn 
/ James Wishart) 

Ultrafast Processes in Water 

(Dan Chipman | Tom Resigno / Ali Beckman / Simon 
Pimblott) 

Low-Energy Electrons and Biomolecules 

(M. Sevilla / Leon Sanche) 

Deoxyribose Damage in DNA 

(J. Milligan / Amanda Friedrich-Bryant / Robert 
Anderson) 

Biological Targets and Radiotherapy 

(Kevin Prise / Katrhyn Held) 

Young Investigator Presentations 

(William Bernhard) 


Radiation Effects in Astrochemistry and 
Astrobiology 

(Greg Kimmel / Karin Oberg / Robert Carlson / Raul 
Baragiola) 

Ultrafast Energy Transfer in Large Molecules 
(Paul Barbara) 

Nanoscale Patterning Using Radiation 

(C.W. Hagen / Kathy Dunn / Seiichi Tagawa) 
Nuclear Waste and Power Studies 

(Jay LaVerne / Barbara Pastina / David Bartels) 


REPRODUCTIVE TRACT BIOLOGY 

Aug 15-20, 2010 

Proctor Academy, Andover, NH 

Chair: Richard R. Behringer 

Vice Chairs: Anne Croy & Franco J. Demayo 


Keynote Presentations 

(Richard Behringer / Joanne Richards / Ken-ichirou 
Morohashi) 

Testis 

(Humphrey Yao / Blanche Capel / Marie-Christine 
Chaboissier / Leslie Heckert / Raj Kumar / Jon 
Oately) 

Male Non-Gonadal Reproductive Organs 
(Blanche Capel / Barry Hinton / Michael Shen / Gen 
Yamada / Larry Baskin) 

Ovary 

(Joanne Richards / Joanne Fortune / Outi Hovatta / 
Diego Castrillon / Mathias Treier / Kathleen R. Cho) 
Oviduct 

(Susan Suarez / Megan Ellis / Sean Ward / Masaru 
Okabe) 

Uterus 

(Franco DeMayo | Tom Spencer / Serdar Bulun / 
Peter Rogers / Lynn Selwood / Nathalie di Clemente) 
Placenta 

(Michael Soares / Kat Hadjantonakis / Julie Baker / 
Myriam Hemberger / Gunther Wagner) 
Fetal-Maternal Interactions 

(Anne Croy / Rima Slim / Indrani Bagchi / Adrian 
Erlebacher / Stephen Lye / Ananth Karumanchi) 
Grand Rounds 

(Indrani Bagchi / Elyce Cardonick / Guillermina 
Girardi / Michael Conn / Victor Garcia) 


ROCK DEFORMATION 

Transient And Transitional Behaviour In Rock 
Deformation: Moving Away From Steady-State 
Aug 8-13, 2010 

Tilton School, Tilton, NH 

Chair: David J. Prior 

Vice Chair: Peter Kelemen 


Setting the Scene: What is Steady-State? 
(Stephen Mackwell / Marco Herwegh / Phil Meredith) 
Seismogenic Faulting and Brittle Fault Rocks 
(Rick Sibson, Dan Faulkner / Harold Tobin / Zoe 
Shipton / Toshihiko Shimamoto / Kevin Brown) 
Episodic Creep During the Seismic Cycle 

(Kevin Furlong / Susan Ellis / Claudia Trepmann / 
Margaret Boettcher) 

Deformation in Zones of Temperature and Stress 
Cycling 

(Scott Johnson / Rorik Peterson / Barbara John) 
Deformation, Metamorphism and Fluids 

(Donna Whitney / Kevin Brown / Sergio Llana Funez / 
Caleb Holyoke) 

Mechanism and Microstructure Transitions During 
Deformation 

(Brian Evans, Gayle Gleason / Greg Hirth / Phil 
Skemer / Ricardo Lebensohn / lan Baker) 


Mechanism and Microstructure Transitions 
Related to Mantle Geophysics 
(Maureen Long / Li Li/ Ulrich Faul) 


SALT & WATER STRESS IN PLANTS 

From Molecules To Crops 

Jun 13-18, 2010 

Les Diablerets Conference Center, Les Diablerets, 
Switzerland 

Chairs: Anna Amtmann & Jian-Kang Zhu 

Vice Chairs: Julian |. Schroeder & Teun Munnik 


Learning from Evolution: Extremophiles 

(Ray Bressan / Dorothea Bartels / John Cushman / 
Jill Farrant) 

Epigenetics and Small RNAs 

(Vincent Colot / Zhizhong Gong / Jerzy Paszowski) 
Transcriptional Regulation 

(Barbara Moffat / Pedro Rodriguez / Jianhua Zhu) 
Signalling Pathways 

(Teun Munnik | Sean Cutler / Hiroaki Fujii / Julian 
Schroeder) 

Protein Modification and Trafficking 

(Mike Hasegawa / Mike Blatt / Karin Schumacher) 
lon and Water Homeostasis 

(Mark Tester / Mary Beilby / Yan Guo / Frans 
Maathuis) 

Whole Plant Responses and Trait Discovery 
(Dirk Inzé / Bill Davies / Liming Xiong) 
Metabolism and Metabolic Signals 

(Hans Bohnert / Alain Bouchereau / Claudia Jonak / 
Bertrand Muller) 

Crop Improvement and Breeding 

(Rana Munns / Eduardo Blumwald / Glenn Gregorio) 


SCIENCE & TECHNOLOGY POLICY 

Aug 8-13, 2010 

Waterville Valley Resort, Waterville Valley, NH 
Chair: Roger A. Pielke & Michele S. Garfinkel 
Vice Chair: Susan Cozzens 


The Big Issues in Science and Technology Policy 
Research 

(Daniel Sarewitz / Peter Weingart / Susan Cozzens) 
STS and STP: Is There a Community or are There 
Communities? 

(David Guston / Silke Beck / Mark Brown / Shobita 
Parthasarathy / Elizabeth McNie) 

Science Policy Research and Science Policy 
Decisions Case Study: US Genetic Information 
Non-Discrimination Act 

(Joan Scott / Cindy Pellegrini / Muin Khoury / Joann 
Boughman) 

Comparative Perspectives on Science Technology 
Policy Research in US and EU 

(Steve Rayner / Jack Stilgoe / Merle Jacob / Barry 
Bozeman) 

Case Study: Chemical Regulation in US and EU 
(Phil Macnaghten, Greg Nemet / Astrid Schomaker / 
Steve Owens / Richard Denison) 

Science and Technology Policy Education: How 
are We Doing? 

(Kevin Finneran / Chuck Weiss / Magnus 
Gulbrandsen / Bill Hooke) 

Politicization of Science: How Much of a 
Problem? 

(Donald Kennedy / Philip Campbell / Neal Lane) 
Science and Democracy: What Role for Science 
Policy Research? 

(Eva Lévbrand / Per Koch / Nico Stehr / Daniel Lee 
Kleinmann) 
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« The Future of Science and Technology Policy 
Research 
(Susan Cozzens / Rachel Ankeny / Tom Kalil) 


SENSORY CODING & THE NATURAL ENVIRONMENT 
Neurobiology And Behavior Under Rich Stimulation 
Jul 25-30, 2010 

Bates College, Lewiston, ME 

Chairs: Adrienne Fairhall & Frederic Theunissen 

Vice Chairs: Ed Connor & Odelia Schwartz 


Multimodal Integration 

(Frederic Theunissen, Adrienne Fairhall / Marc Ernst) 
Natural Vision 

(David Field / Rodrigo de Quian Quiroga / Yang Dan / 
Michael Berry) 

Adaptation 

(Tatyana Sharpee / Hannah Smithson / Jonathan 
Fritz) 

Natural Audition 

(Mike Lewicki / Matthias Henning / Terry Takahashi / 
Mark Bee) 

Replacing Natural Function: Coding and Sensory 
Prosthetics 

(Bob Shannon / Botond Roska / Sridhar Kalluri) 
Natural Olfaction 

(Tim Holy / Cori Bargmann / Bill Hansson / Dima 
Rinberg) 

Active Sensing 

(David Kleinfeld / Kathy Cullen / Holger Krapp) 
High-Level Processing 

(Ed Connor / Jack Gallant / Lee Osterhout / Uri 
Hasson) 

Interacting with Artificial Worlds 

(Dana Ballard / Jason Ritt / Robert Patterson) 


SIGNAL TRANSDUCTION BY ENGINEERED 
EXTRACELLULAR MATRICES 

Jun 27 - Jul 2, 2010 

University of New England, Biddeford, ME 
Chair: Christopher S. Chen 

Vice Chair: Karen Hirschi 


Material in Regenerative Therapies 

(Dave Mooney) 

Engineering Tissue Function 

(Rocky Tuan / Fiona Watt / Laura Niklason) 
Engineering Adhesion Signaling | 

(Martin Schwartz / Cheng Zhu / Yingxiao Peter Wang) 
Engineering Adhesion Signaling II 

(James Nelson / David Odde / Milan Mrksich) 
Engineering Stem Cell Niches 

(Charles ffrench-Constant / Peter Zandstra / David 
Schaffer) 

3D Matrix and Matrix Remodeling | 

(Viola Vogel / Fred Grinnell) 

3D Matrix and Matrix Remodeling II 

(Steve Badylak / Peter Friedl / Jeff Hubbell) 
Matrix Stiffness 

(Andrew Putnam / Paul Janmey / David Boettiger) 
Tissue Patterning 

(Mary Dickinson / Celeste Nelson / Joe Tien) 


NEW! SIGNAL TRANSDUCTION BY ENGINEERED 
EXTRACELLULAR MATRICES (GRS) 

Jun 26-27, 2010 

University of New England, Biddeford, ME 

Chairs: Jennifer L. Leight & Wesley R. Legant 


The Gordon-Kenan Research Seminar on Signal 
Transduction By Engineered Extracellular Matrices is 


a unique forum for graduate students, post-docs, and 
other scientists with comparable levels of experience 

and education to present and exchange new data and 
cutting edge ideas. The focus of this meeting is to 
provide opportunities for young researchers to present 
and discuss their cutting edge work pertaining to the 
signaling interactions between cells and their surrounding 
microenvironment. This meeting will strive to bring 
together graduate students and postdoctoral fellows from NEW! SINGLE MOLECULE APPROACHES TO 
a variety of disciplines across biology and engineeringto BIOLOGY 

stimulate new ideas and foster future collaborations. Jun 27 - Jul 2, 2010 

Il Ciocco Hotel and Resort, Lucca (Barga), Italy 
Chairs: Nynke H. Dekker & W E. Moerner 

Vice Chairs: Julio M. Fernandez & Stefan W. Hell 


« Mentorship Component: “Survival Skills for 
Successfully Transitioning from Graduate Student to 
Postdoc and Independent Researcher”, a workshop 
featuring Sanjay Kumar and Chris Bakal 


e Speakers: To be selected from submitted abstracts 
« Discussion Leaders: Christopher S. Chen and 
Karen K. Hirschi 


Single-Molecule Sequencing 

(Sunney Xie / Stephen Quake / Jonas Korlach / 
Hagan Bayley) 

DNA/RNA/Protein Interactions 

(Nynke Dekker / Taekjip Ha / Michelle Wang / Helmut 
Schiessel / Johan Hofkens) 

Folding Machines 

(W. E. Moerner/ Benjamin Schuler / Sander Tans / 
Vijay Pande) 

Cellular Biophysics 

(Michael Elowitz / Paul Wiggins / David Sherratt / 
Maxime Dahan) 

Synthetic Biology And Bioengineering 

(Hermann Gaub | William Shih / Joerg Fitter) 

Force Spectroscopy 

(Julio Fernandez / Michael Woodside / Eric Schaeffer 
/ Klaus Schulten / Jasna Brujic) 

New Frontiers In Methods 

(Taekjip Ha / Haw Yang / Adam Cohen / Tom Perkins) 
Superresolution 

(Stefan Hell | Xiaowei Zhuang / Christian Eggeling / 
Joerg Bewersdorf / Raimund Ober) 

Probe Development For Single-Molecule 
Experiments 

(Xiaowei Zhuang / George Patterson / Alice Ting / 
Peter Tinnefeld) 


SIGNALING BY ADHESION RECEPTORS. 
Jul 11-16, 2010 

Colby College, Waterville, ME 

Chair: Clare M. Waterman-Storer 

Vice Chair: Martin A. Schwartz 


« Keynote Presentation: Mechanism of Integrin 
Activation 

(Tim Springer) 

Adhesion Signalling in Cell Function 

(Joan Brugge / Martin Humphries / Joan Brugge / . 
Georg Halder) 

Adhesion Protein Structure 

(Sharon Campbell / Sharon Campbell / Achilleas . 
Frangakis) 

Mechanosensing 

(Mary Beckerle / Mary Beckerle / Martin Schwartz / 
Chris Chen) 

Adhesion Protein Biophysics . 
(Mike Sheetz / Mike Sheetz / Deborah Leckband) 
Adhesion Signaling in Disease 

(Alissa Weaver / Al Reynolds / Konstantin Burakov / 
Alissa Weaver) 

Adhesion Regulation in Development and Tissue 
Maintenance 

(Doug DeSimone / Reinhard Fassler / Doug 
DeSimone) 

Adhesion Dynamics 

(Rick Horwitz | Rick Horwitz / James Nelson / Alpha 
Yap) 

Integrin/Cadherin Activation 

(David Calderwood /| David Calderwood / Larry 
Shapiro) 


NEW! SIGNALING BY ADHESION RECEPTORS 
(GRS) 

New Directions In Cell Adhesion And Signaling 
Jul 10-11, 2010 

Colby College, Waterville, ME 

Chairs: Theresa A. Ulrich & Julia E. Sero 


The Gordon Research Seminar on Signaling By 
Adhesion Receptors is a unique forum for graduate 
students, post-docs, and other scientists with comparable 
levels of experience and education to present and 
exchange new data and cutting edge ideas. The meeting 
will focus on the interface between cell adhesion and 
signaling from basic cell and developmental biology, 

to biomedical science, to bioengineering and systems 
biology. This session provides an outstanding opportunity 
for attendees to present and get constructive feedback 
on their work, network with colleagues, and receive 
mentoring from leading scientists in the field. 


« Speakers: To be selected from submitted abstracts  **?2 
* Discussion Leaders: Clare Waterman and Martin *Ubmitte 
Schwartz 
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Long / Thomas Proffen) 


(Miguel / | Mike Whangbo / Karin Rabe / 
Shiv Halasyamani) 

Bio-Inspired Materials and Patterning 

( tl / Lara Estroff) 

« Materials in Devices 

(Douglas Keszler / John Kouvetakis / Mark 


« Hybrid Materials 
(Anthony K. Cheetham / Joseph Hupp) 


Storing the sun: the scanning electron micrograph shows tin oxide, which is 
considered as material to be used in advanced Liion battery electrodes. With 
respect to high power and long-life application, degradation mechanism at 
small scale related to large strains occurring during insertion of Li ions into 
the material are studied. A reduction in size of particles leads to accelerated 
charging cycles and possibly more reliable batteries. Mictocopy and artistic 
work: Andreas Sedimayr, Karlsruhe Institute of Technology. Submitted 
by Oliver Kraft, Chair, Thin Film and Small-Scale Mechanical Behavior 
GRC. 


STEREOCHEMISTRY 

Aug 1-6, 2010 

Salve Regina University, Newport, RI 

Chairs: Jay S. Siegel & Scott J. Miller 

Vice Chairs: Michael J. Martinelli & Vittorio Farina 


Stereoselective Synthesis 

(Seth Herzon/ Phil Baran / Shenming Ma / Matt 
Sigman / Erik Sorensen) 

Stereoselective Catalysis | 

(Abigail Doyle / Amir Hoveyda / Tobias Ritter / 
Magnus Rueping / Dan Yang) 

Stereoselective Catalysis Il 

(Vy Maria Dong / Michael Krische / Marisa Kozlowski 
/ Tom Lectka / Helma Wennemers) 

Materials Stereochemistry 

(James Canary / Geoff Coates / Kyoko Nozaki) 
Medicinal Stereochemstry 

(Michael Martinelli / Guy Carter / Frank Fang / Karl 
Hansen / David Sherman) 


« Stereochemical Biology 
(Chris Seto / Carole Beweley / Virginia Cornish / 
Jonathan Elman / Sarah O’Connor) 
« Stereoselectivity on Scale 
(Vittorio Farina / Jean-Michel Adam / Klaus Ditrich / 
Joel Hawkins / Chris Senanayake) 
« Supramolecular Stereochemistry 
(Sarah Resiman / Makoto Fujita / Ned Seeman) 
* Stereochemical Fundamentals 
(Kurt Mislow / Bernhard Kaptein / Mike McBride / 
Patrick Vaccaro / Chris Welch) 


SYNAPTIC TRANSMISSION 

Jul 25-30, 2010 

University of New England, Biddeford, ME 
Chair: Pablo E. Castillo 

Vice Chair: Felix E. Schweizer 


Keynote Presentations: Synapses at Center Stage 
of Brain Function and Disease 

(Thomas C. Stidhof / Susumu Tonegawa) 

« Transmitter Release 

(Peter Jonas / Erwin Neher / Ling-Wang Wu / Ralf 
Schneggenburger) 

Release Machinery and Synaptic Vesicle Function 
(Felix Schweizer / Pietro DeCamilli / Sandra Bajjalieh) 
Postsynaptic Signaling and Receptor Trafficking 
(Katherine Roche / Daniel Choquet / Stephen Moss / 
Susumu Tomita) 

« Short-Term Plasticity and Trans-Synaptic 
Signaling 

(Roger Nicoll / Wade Regehr / Chris McBain / Yukiko 
Goda) 

Synaptic Integration and Circuits 

(Nelson Spruston / Rachel Wilson / Angus Silver) 

« Long-Term Synaptic Plasticity 

(Alison Barth / Julie Kauer / Indira Raman / Ryohei 
Yasuda) 

Synaptic Basis of Brain Disorders 

(Robert Malenka / Nils Brose / Marina Wolf / Linda 
Van Aelst / Jie Shen) 

Synaptic Function and Local Protein Synthesis 
(Hollis Cline / Eric Klann / Claudia Bagni / Lu Chen) 


TETRAPYRROLES, CHEMISTRY & BIOLOGY OF 
Jul 25-30, 2010 

Salve Regina University, Newport, RI 

Chair: Angela Wilks 

Vice Chair: Harry A. Dailey 


« Heme Degradation: Oxidative Stress and Cellular 
Function 
(Paul R. Ortiz de Montellano / Mahin Maines / 
Stephen W. Ragsdale) 

e Heme Biosynthesis: Genes, Proteins and Disease 
(Jean-Charles Deybach / Barry H. Paw / Sharon D. 
Whatley / John D. Phillips) 

e Light Harvesting Pigments: Structure, Function 

and Regulation 

(Alison Smith / Jesse Woodson / Matthew J. Terry) 

Tetrapyrrole Enzymes: Novel Catalysis and 

Chemistry 

(Gloria Ferreira / Martin J. Warren / Jennifer L. 

DuBois / CS Raman) 

Tetrapyrroles: New Methodologies in Catalysis 

and Chemistry 

(Kevin M. Smith / T. Silviu Balaban / R. David Britt) 

« Heme Transporters, Sensors and Regulators 
(William N. Lanzilotta / Stuart J. Ferguson / Carla V. 
Finkielstein / Mark R. O'Brian) 


e Tetrapyrroles as Imaging and Therapeutic 
Molecules 
(Graga H. Vicente / Zeev Gross / Gang Zheng) 
¢ Heme in Infectious Disease 
(Eric Skaar / Cécile Wandersman / Amanda G. 
Oglesby / Bernard Meunier) 
e Phytochrome Chemistry and Biology 
(Nicole Frankenburg-Dinkel / J. Clark Lagarias) 


THIN FILM & SMALL SCALE MECHANICAL 
BEHAVIOR, 

Jul 25-30, 2010 

Colby College, Waterville, ME 

Chair: Oliver Kraft 

Vice Chair: John Balk 


Elasticity, Plasticity and Fracture of Small 
Structures 

(H. Daniel Wagner / Alfonso Ngan) 

Radiation Damage and Mechanical Behavior 
(Easo George / Steve Roberts / Michael Demkowiczs) 
Nanomechanics of Battery Materials 

(Y.T. Cheng / Robert McMeeking / Reiner M6nig) 
Nanocrystalline Metals, Films and Multilayers 
(Amit Misra / Andrea Hodge / Guanping Zhang / 
Christopher Schuh) 

Plasticity in Confined Geometries 

(Wei Cai / Christian Motz) 

Nanotribology 

(Peter Gumbsch / Robert Carpick / Roland 
Bennewitz) 

Nanomechanics for Improving Microdevice 
Performance 

(Matthew Begley / Stephanie Lacour / Young-Chang 
Joo / Marcel Utz) 


THREE DIMENSIONAL ELECTRON MICROSCOPY 
Jun 20-25, 2010 

Il Ciocco Hotel and Resort, Lucca (Barga), Italy 
Chair: Holger Stark 

Vice Chair: Michael Radermacher 


e Keynote Presentation: The Study of Structures 
with Ultrashort X-ray Pulses Provided by Free 
Electron Lasers 

(Simone Techert) 

How to Obtain Near-Atomic Resolution 3D 
Structures of Viruses by Single Particle Cryo-EM 
(Hong Zhou / Hong Zhou) 

Electron Tomography and Sub-Tomogram 
Averaging 

(Sriram Subramaniam / Sriram Subramaniam) 
Correlated Light and Electron Microscopy 
(Abraham Koster / Linda van Driel) 

Automation and How to Deal with Very Large 
Datasets 

(Bridget Carragher / Bridget Carragher) 

Structure Validation and Quality Control 

Image Analysis and Software Development 
New Hardware for Electron Microscopy 

Single Particle Cryo-EM of “Challenging” 
Macromolecules 
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NEW! TRANSGLUTAMINASES IN HUMAN DISEASE 
PROCESSES 

Jul 18-23, 2010 

Davidson College, Davidson, NC 

Chair: Richard L. Eckert 

Vice Chair: Kapil Mehta 


Transglutaminases - The Past and Next Decade 
(Richard Eckert / Kapil Mehta / Laszlo Fesus) 
Transglutaminases and Cell Signaling 

(Alexey Belkin / Shougang Zhuang / Alexey Belkin / 
Robert Cerione / Elisabetta Verderio) 
Transglutaminases and Cancer 

(Kapil Mehta / Daniele Matei / Anupam Kumar / 
Simone Beninati) 

Transglutaminase Inhibitors and Substrates 
(Carlo Bergamini / Soichi Kojima / Chaitan Khosla / 
Kiyotaka Hitomi / Vittorio Gentile) 
Transglutaminases and Renal and Vascular 
Systems 

(Martin Griffin / Tim Johnson / Erik Bakker / Zsuzsa 
Szondy) 

Transglutaminases and Celiac Disease 
(Soo-Youl Kim / Carla Esposito / Markku Maki / Daniel 
Aeschlimann / Ludvig Sollid) 

Transglutaminases and Neurological Disorders 
(Gail Johnson / Arthur J. Cooper / Philippe Djian / 
Mauro Piacentini) 

Transglutaminase and Differentiation (Types 1, 2 
and 4) 

(Robert Graham / Haibing Jiang / Wen G. Jiang / 
Maria Nurminskaya / Diego Walther) 
Transglutaminases and Differentiation 

(Siiri lismaa / Said Alaoui / Mari Kaartinen / In-Gyu 
Kim) 


TRIBOLOGY 

Challenges At The Buried Interface 
Jun 27 - Jul 2, 2010 

Colby College, Waterville, ME 

Chair: Mark O. Robbins 

Vice Chair: Alfons Fischer 


Apply online now at www.grc.org and be a part of the experience... join us this st 


Challenges and Opportunities 

(Mark Robbins | Aiguo Wang) 

Shining a Light on Buried Interfaces 

(Ali Dhinojwala / Jay Fineberg / Kathryn Wahl) 
Connecting Friction to Atomic Structure 
(Robert Carpick / Somuri Prasad) 

Biological Inspirations and Applications 
(Georges Debregeas / Stanislav Gorb / Anne Neville) 
Third Bodies Large and Small 

(Chris Marone / Yves Berthier) 

Monitoring Changes at the Buried Interface 
(Martin Dienwiebel / Jean-Michel Martin / Martin 
Miser) 


visit the frontiers of science... go to a gordon conference! 


e Design and Function of Coatings 
(Judith Harrison / Ali Erdimir / Izabela Szlufarska) 
« Lubrication Strategies and Mechanisms 
(Susan Sinnott / Nic Spencer / Izhak Etsion) 
« Tribology in Space 
(Alfons Fischer / Greg Sawyer) 


VIBRATIONAL SPECTROSCOPY 
Probing Structure And Dynamics 

Aug 1-6, 2010 

University of New England, Biddeford, ME 
Chairs: Tianquan Lian & Brooks H. Pate 
Vice Chairs: Franz M. Geiger & Ned Sibert 


Liquid Dynamics 

(Edwin L. Sibert / Michael D. Fayer / Igor V. Rubtsov) 
Interfacial Dynamics 

(Franz M. Geiger / Kenneth B. Eisenthal / Elsa C.Y. 
Yan / Mischa Bonn / Yuen Ron Shen) 

THz Spectroscopy 

(David F. Plusquellic / Edwin J. Heilweil / Klaas 
Wynne) 

Spatially-Resolved Vibrational Spectroscopy 
(Gilbert C. Walker / Hiro-O Hamaguchi / Jennifer P. 
Ogilvie / Markus B. Raschke / Bruno Pettinger) 
Dynamics in Biological Systems 

(Christopher M. Cheatum / Steve A. Corcelli / Martin 
T. Zanni) 

Vibrational Motion in Chemical Reactions 

(David S. Perry / David J. Nesbitt / Arthur L. Utz / 
Marsha I. Lester / David M. Leitner) 

Nanomaterials and Energy Conversion 
(Tianquan Lian / Xiaoyang Zhu / John B. Asbury) 
New Techniques and Applications 

(Munira Khalil / David W. McCamant / Christy L. 
Haynes / Lin X. Chen / Margaret Murnane / Henry 
Kapteyn) 

Perspectives on Vibrational Spectroscopy 
(Brooks H. Pate / F. Fleming Crim / James T. Hynes) 


Snapshots of ice nucleation in water droplets with ionic impurities from 
high speed optical camera and molecular simulations help to understand 
the mechanisms of thundercloud electrification and other atmospheric 
processes involving aqueous particles. Courtesy of Sigurd Bauerecker and 
Pavel Jungwirth. Submitted by Pavel Jungwirth, Chair, Water & Aqueous 
Solutions GRC. 


WATER & AQUEOUS SOLUTIONS 
Aug 8-13, 2010 

Holderness School, Holderness, NH 
Chairs: Pavel Jungwirth & Victoria Buch 
Vice Chair: Dor Ben-Amotz 


Water in Biology | 

(Teresa Head-Gordon / Paul Cremer / Angel Garcia / 
Thomas Record) 

Water in Motion | 

(Branka Ladanyi / Steve Bradforth / David Bartels / 
Ilan Benjamin / Mark Berg) 

Water in the Environment | 

(Franz Geiger / Kalliat Valsaraj / Martina Roeselova / 
Sergey Nizkorodov) 

Water in Confined Geometries 

(Pablo Debenedetti / Mark Johnson / Martina 
Havenith / Ron Shen / Chris Mundy) 

Water in Solutions 

(Austen Angell / Kersti Hermansson / Doug Doren / 
Phil Mason) 

Water in Biology Il 

(Doug Tobias / Robert Eisenberg / Steve White / 
Nobuyuki Matubayasi / Joe Dzubiella) 

Water in Motion II 

(Rich Saykally / Bertil Halle / Damian Laage / Noam 
Agmon) 

Water in the Environment II 

(Heather Allen / Daniel Knopf / Marcelo Carignano / 
Vlad Sadtchenko / Benny Gerber) 

Water in Discussion - 
(Nancy Levinger, Alan Soper / Michele Parrinello) 
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NEW PRODUCTS FOCUS: CELL/TISSUE CULTURE 


EMBRYONIC STEM CELLS 
Isolated from Gold Standard JAX Mice, JAX Mouse Embryonic Stem Cells 
are self-renewing, nontransformed cell lines established from day 3.5 
blastocytes. They are capable of differentiating into all three embryonic 
germ layers: endoderm, ectoderm, and mesoderm. They are suitable for 
drug efficacy evaluation, regenerative medicine studies, and gene targeting. 
All three cell lines have demonstrated efficient germline transmission. 


The Jackson Laboratory 
For info: 800-422-6423 | www.jax.org 


GENE FUNCTION STUDY KITS 

The cGPS (cellular genome positioning system) NIH-3T3 
research kit can be used to modify the NIH-3T3 cell line to 
study gene functions. The NIH-3T3 cell line is commonly used 
in academic research laboratories as a model for studying 
human gene functions. The new cGPS kit allows scientists to 
perform targeted integration of a gene in the cells, a key step 
in understanding its function. 

Cellectis 

For info: +33-(0)-1-41-83-99-00 | www.cellectis-bioresearch.com 


SMALL CELL COUNTER 
The Scepter is an automated cell counter small enough to 
fit in the palm of the hand. The handheld device provides 
researchers with a simple and affordable option for count- 
ing cells and monitoring the health of cultures. The Scepter 
miniaturizes Coulter cell counting technology into a portable 
device the size of an automated pipette that contains sophis- 
ticated electronics for cell sensing, signal processing, and 
data storage. A graphical display reports the cell count and 
average cell volume within 20 seconds of tip insertion into a 
cell culture sample. The instrument also displays a histogram 
of cell distribution by volume or diameter for a snapshot of 
the health of the culture. Results can be stored in the instru- 
ment or downloaded to a computer. 

Millipore 

For info: 800-548-7853 | www.millipore.com/scepter15 


TARGETED SIRNA AND MIRNA DELIVERY 

The T3 Conjugation Kit offers effective in vivo delivery of small 
interfering—-RNA (siRNA) and microRNA targeted to almost 
any cell or tissue. The kit reduces the chance of off-target 
effects because the systemically delivered siRNA vehicle 
locates and targets specific cells and tissues, which reduces 
the amount of siRNA required for silencing. It can also be 
used for targeted in vitro delivery of siRNA in primary cell 
lines consisting of mixed cell populations. The patent-pending 


T3 technology functions by conjugating a T3 Carrier to an 
antibody that can identify a receptor or other extracellular 
domain specific to the targeted cell or tissue type. The T3 
CarrierAntibody conjugate can then be loaded with siRNA 
and delivered systemically or locally in vivo or in vitro. Targeted 
cells or tissues then take up the T3 Conjugate and the siRNA 
is released. 

Bioo Scientific 

For info: 888-208-2246 | www.biooscientific.com 


BOVINE COLLAGEN 

A highly purified bovine collagen at a concentration of 6 mg/ 
ml, Nutragen is suitable for researchers who want a firmer 
gel for tissue culture and cell invasion studies. Nutragen col- 
lagen is approximately 97 percent Type | collagen, with the 
remainder being comprised of Type Ill collagen. It is suitable 
for coating of surfaces, providing preparation of thin layers for 
culturing cells, or use as a solid gel. It is sterile-filtered and 
supplied as a ready-to-use solution in a 50-ml volume. 
Advanced BioMatrix 

For info: 800-883-8220 | www.AdvancecBioMatrix.com 


TRANSFECTION SYSTEM 

The CLB-Transfection System offers reliable and cost-effective 
transfection of adherent and suspension cell lines. It has been 
tested for more than 60 different cell lines. Most cell lines 
are transfected with 50-90 percent efficiency and viability, 
with standard deviations usually in the range of 2-3 percent. 
With its ability to transform bacteria and its ease of use, the 
system is suited for routine transfection experiments. The 
CLB-Transfection Device offers a menu of preset programs 
that allows easy optimization of transfection conditions and 
transformation of bacteria. The system consists of the CLB- 
Transfection Device combined with the CLB-Transfection Kit, 
which contains the CLB-Transfection Buffer and Cuvettes. 
Lonza 

For info: +41-61-316-8798 | www.lonza.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations 
are featured in this space. Emphasis is given to purpose, chief characteristics, and availabilty of products and materials. Endorsement by Science or AAAS of any 
products or materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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POSITIONS OPEN 


Tufts 


UNIVERSITY 
LECTURER IN BIOLOGY 

A full-time, nontenure-track Lecturer position in 
biology is available beginning September 2010, with 
renewal available contingent on successful review. 

Teaching responsibilities will include a cell biolo- 
gy course, a projects-based cell biology laboratory 
course, participation in a team-taught introductory 
biology course, and administrative oversight of inde- 
pendent research for undergraduates. Commitment 
to excellence in undergraduate teaching is requir 
and the suc il candidate will demonstrate expe- 
rience or interest in pedagogical innovations to en- 
hance retention of students in introductory level 
xperience with computer-based assessment is desirable, 
as is interest in pursuing funding opportunities for 
innovative teaching programs. 

Qualifications: Candidates must hold a Ph.D. in 
the life sciences. Salary commensurate with experience. 

To apply: Applicants should submit cover letter, 
curriculum vitae, and statement of teaching philos- 
ophy and experience and three letters of recommen- 
dation should be sent to: 


Search Committee Chair 
c/o Ms. Karin Murphy 
Department of Biology 
Tufts University 
163 Packard Avenue 
Medford, MA 02155 
E-mail: karin.murphy@tufts.edu 


Review of applications will begin immediately and 
will continue until the position is filled. 

Tufis University is an Affirmative Action /Equal Opportu- 
nity Employer. We are committed to increasing the diversity of 
our faculty. Members of underrepresented groups are strongly 
encouraged to apply. 


CALL FOR PAPERS 
10th International Symposium on Ginseng 
September 13-16, 2010 
Seoul, Korea 


The symposium will continue the tradition 
of the previous symposia in our series by bring- 
ing together worldwide famous scientists with 
interests in all aspects of ginseng on chemistry, 
clinical studies, pharmacology, physiology, cul- 
tivation, ginseng products, and others. The or- 
ganizing committee will support a roundtrip 
ticket and staying expenses (accommodation 
and meals) for the selected oral presenters and 
staying expenses plus US100 per each poster 
for the sel poster presenters. 

Deadlines for abstract submission are Febru- 
ary 26, 2010, for the oral and April 10, 2010, 
for the poster presenter. 

For more details, please visit our website: 
http://www.ginsengsociety.org and refer to 
the second circular of International Symposium. 

The Korean Society of Ginseng. 


CAREER OPPORTUNITY. Doctor of Optom- 
etry (O.D.) degree in 27 months for Ph.D.s in science 
and M.D.s. Excellent career opportunities for O.D.- 
Ph.D.s and O.D.-M.D.s in research, education, indus- 
try, and clinical practice. This unique program starts in 
March of each year, features small classes, and has 12 
months devoted to clinical care. 

Contact the Admissions Office, telephone: 800- 
824-5526 at The New England College of 
Optometry, 424 Beacon Street, Boston, MA 
02115. Additional information at website: http:// 
www.neco.edu. E-mail: admissions@neco.edu. 


STANFORD 


9 SCHOOL OF MEDICINE 


Stanford University Medical Center 


FACULTY POSITION IN COMPARATIVE 
MEDICINE 
Department of Comparative Medicine Stanford 
University School of Medicine 

The Department of Comparative Medicine seeks 
to fill two faculty positions for veterinary clinicians 
at the ASSISTANT or ASSOCIATE PROFESSOR 
level in the Stanford School of Medicine’s Medical 
Center Line. The major criteria for a faculty appoint- 
ment in the Medical Center Line include excellence in 
clinical care, teaching, and scholarly acti that ad- 
vances human or veterinary medicine. Candidates must 
have a D.V.M. or V.M.D. from an American Veterinary 
Medical Association-accredited institution. Veterinary 
specialty Board certification or eligibility is required 
(American College of Laboratory Animal Medicine, 
American College of Veterinary Surgeons, American 
College of Veterinary Internal Medicine, American 
College of Veterinary Pathologists, or other), and pref- 
erence will be given to candidates with an advanced 
degree (Ph.D., M.P.H., or other). Applicants should 
demonstrate interest in independent and collaborative 
earch evidenced by publications in peer-reviewed 
journals. Experience in translational medi 
desirable. 

The Department of Comparative Medicine is a clin- 
ical department within the School of Medicine. In 
addition to its academic functions, it also provides 
the clinical care and management for a large, modern, 
Association for Assessment and Accreditation of Labo- 
ratory Animal Care-accredited animal program which 
has an ACLAM-recognized residency training program. 

Interested candidates should send a letter containing 
a description of their career goals and research inter- 
ests, their curriculum vitae, and names and addresses of 
five references to: Dr. Sherril Green, Professor and 
Chair, Department of Comparative Medicine, Stan- 
ford Medical Center, 300 Pasteur Drive, Edwards 
Building R321, Stanford, CA 94305-5342. Appli- 
cations will be reviewed upon receipt and searches will 
be continued until all positions have been filled. 

Stanford University is an Equal Opportunity Employer and 
is committed to increasing the diversity of its faculty. It welcomes 
nominations of and applications fiom women and members of mi- 
nority groups, as well as others who would bring additional dimen- 
sions to the University’s research, teaching, and clinical missions 


FACULTY SEARCH 
Pratt School of Engineering 
Duke University 
Regional and Global Atmospheric Modeling of the 
Water Cycle 

The Department of Civil and Environmental En- 
gineering in the Pratt School of Engineering at Duke 
University invites applications for a faculty position 
at the ASSOCIATE or FULL PROFESSORSHIP 
rank from candidates working on large-scale atmo- 
modeling in connection with the ability 
ydrological cycle and its implications for water 
resources. The successful candidate is expected to 
serve as an integrator across Duke’s broader efforts 
in water resources, hydrology, climate, and related 
interdisciplinary areas. Opportunities to collaborate 
in cross-disciplinary initiatives with the Center on 
Global Change, the Nicholas Institute on Environ- 
mental Policy Solutions, and the Nicholas School of 
the Environment are available. 

Qualified candidates must have a Ph.D. in engi- 
neering or related physical sciences. 

Letters of application (including names of at least 
three potential references, curriculum vitae, dese 
tion of research and teaching interests as a single PDF 
file) should be submitted electronically to e-mail: cee- 
faculty-search@duke.edu. The application review pro- 
cess will commence on February 20, 2010, and will 
continue until the position is filled. 

Duke University is an Affirmative Action Equal Opportunity 
Employer that is committed to increasing the diversity of its faculty. 
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Texas State University-San Marcos is a member of 
The Texas State University System. 
Texas State University-San Marcos 


Biology/Electrical Engineering/Chemistry/Physics Faculty Search 
Molecular Biology and Bio/Nano Structures and Devices 
Posting #2010-57 


Texas State University is aggressively developing a new Materials Science and Engineering program organized around the Departments of Physics, 
Chemistry & Biochemistry, Biology, Engineering Technology and the Ingram School of Engineering. We invite applications for three open positions to be 
immediately filled by outstanding candidates with research efforts in a broad sense enabling the integration of biological and nanoscale structures within 
device architectures. Areas of interest include novel interactions between biomolecular and inorganic/semiconductor device components; molecular or 
biological scaffolds; novel material modification at the nanoscale to minimize non-specific adsorption and/or facilitate the attachment of biomolecular 
recognition elements; and synthesis of modified biomolecules for altered cellular function and specific recognition leading to destruction of harmful 
cells (e.g., antibiotic resistant bacteria, cancer cells). An earned Ph. D. in the physical, biological, engineering or biomedical sciences is required. Rank 
and tenure status are negotiable based on qualifications, with the expectation of one position at the assistant professor level and two at the associate/full 
professor level. One position will reside in electrical engineering, one in biology, and third home department negotiated based on qualifications. The 
successful applicant(s) will establish a vigorous externally funded research program, supervise graduate students, collaborate with other faculty, and be 
committed to teaching at the undergraduate and graduate levels. While all positions provide competitive salaries and start-up packages, one senior-level 
position is funded through a State of Texas Emerging Technology Fund Research Superiority Acquisition Award. Preference for this position will be 
given to truly outstanding candidates from outside the state of Texas whose research efforts have a high likelihood of supporting technology transfer 
and commercialization. 


TEXAS ¥& STATE 
UNIVERSITY 


SAN MARCOS 
The rising STAR of Texas ., 


Texas State is a doctoral-granting university located in the burgeoning Austin-San Antonio corridor, the largest campus in The Texas State University 
System, and among the largest in the state. Texas State’s 30,000 students choose from 101 bachelor and 88 master’s and 9 doctoral programs offered 
by eight colleges. With a diverse campus community including over 33% of the student body from ethnic minorities, Texas State is one of the top 20 
producers of Hispanic baccalaureate graduates in the nation. Additional information about Texas State and its nationally recognized academic programs 
is available at http://www.txstate.edu. 


Qualifications: Applicants will hold an earned doctoral degree and possess a record of intellectual and academic accomplishments in the described areas 
that will qualify her or him for appointment at the appropriate level in the appropriate academic department. Other required qualifications include a strong 
record of funded research, and a strong record of scholastic achievement. Industrial or commercialization experience is highly desired. Application: To 
ensure full consideration, submit the following via email before March 31, 2010 - position will remain open until filled:Faculty application (http://faculty 
records.provost.txstate.edu/faculty-employment/application.html) and accompanying materials which should include a letter of intent, vita, statements 
of proposed research program, potential commercialization strategy, and teaching philosophy, and list of five references to: biomse@txstate.edu. 


Cummings School of 
ULITS, | Veterinary Medicine 
University 


Assistant/Associate/Full Professor in 
Microbiology/Infectious Diseases 


Cummings School of Veterinary Medicine at Tufts University, with well 


to head a new laboratory 
=) Permanent Position, RIKEN, Japan 


RIKEN, one of Japan’s largest research organizations, carries 


developed programs in biodefense/emerging infectious diseases, is seeking 
applications from outstanding candidates for two faculty appointments at 
the assistant to full professor levels. Individuals are expected to strengthen 
and complement existing programs in the Division of Infectious Diseases. 
Appointees will occupy the state-of-the-art New England Regional Bio- 
safety Laboratory (RBL), one of thirteen funded by the NIAID. The RBL, 
recently commissioned with pending CDC registration, will have office 
and BSL3 space, as well as a BSL3 vivarium inclusive of aerobiology and 
insectary units. Only candidates with a past and current successful history 
of NIH funding will be considered. Selected individuals will be expected to 
form the future scientific and administrative leadership of the Division. 


The Division is a dynamic group of approximately 65 faculty, scientists, 
laboratory and animal technicians, graduate students and administrative 
staff. The Division currently occupies two buildings containing modern 
laboratory facilities and equipment, and has access to diverse animal 
models, small and large, which are housed under various biocontainment 
levels. 


Currently funded research programs (by NIH, EPA, AWARF, Gates 
Foundation and the private sector) include: E. coli 0157 and associated 
conditions including HUS; cryptosporidiosis; microsporidiosis; botulinum 
intoxication therapy; water/food safety and biosecurity; schistosomiasis; 
tularemia and tick borne diseases; shigellosis; C. difficile; and enteric 
virology. (www.tufts.edu/vet/biomed/infectious_diseases.htm) 


Please submit a curriculum vitae, a letter describing qualifications 
which highlight relevant experience, and full contact information 
for four references to: Saul Tzipori, Chair, Search Committee, at 
saul.tzipori@tufts.edu. Application reviews will continue until position(s) 
are filled. For questions, e-mail or call 508-839-7955. 


Tufts University is an Affirmative Action, Equal Opportunity Employer. 


out advanced basic and applied research in a wide range of 
fields, including physics, chemistry, medical science, biology, 
and engineering. RIKEN invites applications for the position 
of Associate Chief Scientist. 


1. Research fields 

Research field is not specified. We require the applicant to 
pioneer his or her own curiosity-driven, 
internationally-oriented interdisciplinary research field. 

2. Qualifications 

Self-disciplined scientists with a long-term vision of the next 
generation of scientific endeavor, and with the ability and 
research record to preside over their own autonomous 
laboratories will be considered as candidates for this position. 
3. Remuneration 

Annual salary (with a bonus system) 

4. Type of employment 

The position is tenured, subject to RIKEN’s mandatory 
retirement age of 60. 

5. Starting date of employment 

April 1, 2011 (in principle) 


Closing date: 5pm, May 14, 2010 (Japan Standard Time) 


For more information, please visit: 
http://www.riken.jp/engn/r-world/research/ 
research/associate/2011/index.html 


e'PHE NATIONAL INSTITUTES OF HEALTH 


& National Center for National Center for Research Resources ses} 
asoercl Resowress Division of Construction/ARRA Construction Team 1) 

NATIONAL INSTITUTES OF HEALTH pegs 
The National Center for Research Resources, a component of the National Institutes of Health, has been charged by the President of the United 
States to administer a $1 billion program under the American Recovery and Reinvestment Act (ARRA) to provide funding for construction, 
renovation, and/or repair of facilities used for biomedical and behavioral research. In order to accomplish this goal, NCRR has created a Division 
of Construction to oversee and administer grant awards along with other activities required to ensure the transparency and accountability in the 
program. The ARRA construction team will be reviewing construction designs, overseeing the progress of construction, and reporting the status 
of the program to a variety of audiences, including all levels of Federal Government and the American taxpayers. At full strength, the construc- 
tion team will have 7 members. 


NCRR is currently seeking applicants for the following positions: 


Construction Project Manager: reporting directly to the NCRR Director this individual will have full responsibility for day to day operations of 
the Office and leadership of the team. The successful candidate must have strong leadership and communication skills and the ability to work 
collaboratively with others, both internal and external, and the ability to solve problems and make informed decisions. The ability to lead, monitor, 
and manage ARRA construction activities through the use of sound project management technologies, tools, and processes are necessary. 


Health Scientist Administrators and General Engineers: with broad responsibilities in the planning, evaluation, and management of the ARRA 
construction program, these individuals will be working closely with a team of Federal administrators both inside and outside NCRR and with 
members of the biomedical/behavioral research community to assist in post award design reviews, conducting site visits to monitor program, and 
carrying out normal award management responsibilities. The demonstrated ability to plan and execute major projects is a plus. 


Program Analyst: working with the team members, this individual will be validating, analyzing, summarizing, and reporting a wide variety of 
data used to develop information and reports on ARRA construction program activities. Experience in project management is helpful. 


Please check the NCRR website, http://www.ncrr.nih.gov/about_us/job_opportunities/ , to access the specific announcements which provide 
qualification requirements, evaluation criteria, and application instructions. Additional information about jobs at NIH can be found at http://www. 
jobs.nih.gov 


DHHS and NIH are Equal Opportunity Employers. Applications from women and minorities are strongly encouraged. 


<%= NIEHS Deputy Director 


Ye National Institute of 


ronmental Healt Sciancas Research Triangle Park, North Carolina 
National Institutes of Health 


The NIH is seeking exceptional candidates for the position of Deputy Director, human resources, including selecting, managing, and motivating staff using 
NIEHS, to assist in leading the preeminent center for environmentally related fair and equitable staffing/recruitment practices. 
health research in the world. The Deputy Director, NIEHS, also participates in Applicants must possess an M.D. and/or doctoral degree and have senior-level 
leadership of the National Toxicology Program. This position offers a unique —_ research. Adherence to NIH ethics policies is required. Salary is commensurate 
opportunity to become part of a team providing strong and visionary leadership —_with experience, and full Federal benefits, including leave, health and life 
toward reducing the burden of human illness and dysfunction from environmental —_ insurance, retirement and savings plan (401k equivalent) will be provided. 
causes. The Deputy Director will help manage a high-level complex organization Please send questions regarding the position to: Search Committee Chair, 
and must demonstrate integrity and fairness upholding the highest standards Yvonne Maddox at maddoxy@mail.nih.gov and questions regarding the Institute/ 
of scientific research and business practices. NIEHS conducts and supports _Division to: John Pritchard at pritcha3@mail.nih.gov. 
interdisciplinary research related to environmentally relevant exposures and dis- Interested persons should submit curriculum vitae, contact information 
eases and translating that into improvements in both clinical and public health. — for three people to provide a reference, a statement regarding reasons for 
The Deputy Director will have a critical role in translation of NIEHS basic research —_interest in the position incorporating how you would implement your vision 
findings to human health, particularly new approaches to disease prevention. into the NIEHS strategic plan, and identify unique qualifications by March 
Applicants must have senior-level research experience and knowledge of 12, 2010 to: Ms. Stephanie Jones, NIEHS, Office of Human Resources, 
research programs in one or more scientific areas related to environmental P.O. Box 12233, Mail-drop K1-1, Research Triangle Park, NC 27709 or e-mail: 
effects on human health. Candidates should have a track record of demonstrated | jones17@mail.nih.gov Vacancy: NIEHS-11-OD-2010. 
leadership of a successful research program which includes partnerships Saat ca , 
with outside groups as well as extensive planning, program assessment, and http:/dizniehs.nih.gov - Sé 
analysis of program objectives; the development of plans for the resolution © 2HMS and NIH are Equal Opportunity . x 


i : ‘ : 7 Employers. This position is subject to 
of major operational problems and issues; and management of financial and a background investigation. 
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JAXA International Top Young Fellowship in FY2010 


JAXA International Top Young Fellowship positions are available. 


The Institute of Space and Astronautical Science (ISAS) of the Japan Aerospace Exploration Agency (JAXA) offers scientists and engineers 
in aerospace an opportunity to conduct research into the scientific and technical aspects of space. Examples of possible research topics 
include: 

¢ Structure and origin of the universe 

¢ Formation of the earth and solar system 

¢ Utilization of the space environment for microgravity experiments 

¢ Engineering and technology development for the exploitation of space 

(Please refer to the ISAS Website for more details) http://www.isas.jaxa.jp/e/index.shtml 


The JAXA International Top Young Fellowship (ITYF) was established as a prestigious new fellowship program in 2009. The ITYF is 
designed to attract outstanding, highly motivated, young researchers in any of the space science fields covered by ISAS/JAXA to work 
in Japan for 3 (extendable to 5) years. The excellent remuneration package (see below) includes research budget and travel support so 
that the Fellows can extend their international profile, as well as developing collaborations within Japan. 


This Fellowship program will offer the special salary to the Fellows of 790,000 Japanese Yen / month (equivalent to an annual salary 
of $100,000 US dollars at a typical exchange rate of 94.80JPY / dollar). The program will provide them with the financial support for 


expenses for travel and equipment up to a maximum of 2,500,000 Japanese Yen / year. 


The closing date: April 20, 2010 


For further information about JAXA International Top Young Fellowship, visit: 


http://www.jaxa.jp/employ/index_e.html 


Contact information 
JAXA International Top Young Fellow Committee 
Institute of Space and Astronautical Science 
Japan Aerospace Exploration Agency 


E-mail: international 


_fellowship@jaxa.jp 


'SFBR 


SOUTHWEST FOUNDATION 
FOR BIOMEDICAL RESEARCH 


FACULTY POSITION 


The Department of Virology and Immunology at the Southwest Foundation 
for Biomedical Research invites applications for a faculty-level position 
at the ASSOCIATE OR SCIENTIST level. The Department has faculty 
with research programs focusing on hepatitis viruses, human and simian 
immunodeficiency viruses, and emerging viruses such as hemorrhagic 
fever viruses. Major strengths of the Foundation are the extensive nonhu- 
man primate resources, which include macaques, marmosets, chimpanzees 
and baboons. 


There is a strong pre and postdoctoral training program and a close associa- 
tion with the University of Texas Health Science Center at San Antonio, 
including a role in graduate education. All candidates must have as a 
minimum a doctoral degree in the biological sciences or an M.D. degree, 
and have completed at least two years of relevant postdoctoral research. 
Candidates for Associate and Scientist must have demonstrated ability to 
direct an independent research program in animal virology and have been 
shown to be competitive for extramural support. 


All areas of virology will be considered but preferences will be given to 
emerging viral agents that require maximum containment and the use of 
nonhuman primates. The Department is particularly interested in a person 
with expertise in host-pathogen interactions with an innovative program 
in molecular pathogenesis or cellular immunology. 

Please mail curriculum vitae, a description of research interest, and the 
contact details for three references to: Director of Human Resources, 
Southwest Foundation for Biomedical Research, P.O. Box 760549, 
San Antonio, Texas 78245-0549; www.SFBR.org. 


Equal Opportunity Employer. 


Nanopharmacology and 
Neuropharmacology Faculty 
Position(s) in the Department of 


N | UNIVERSITY kK 
Pharmacology and Experimental 


Medical Center Neuroscience (PEN) 


PEN and the Nebraska Center for Nanomedicine seek candidates for 
tenure-leading faculty positions to join an interdisciplinary research 
program focusing on CNS disorders, their diagnosis and treatment. One 
position seeks a committed scientist with expertise at the crossroad of 
nanoformulation synthesis and neurosciences. The other seeks a scientist 
with interests in neuropharmacology. The competitive candidates would be 
knowledgeable in neural, chemical biology, and/or pharmaceutical sciences 
to join an established research team with multiple nanoscale, neuroscience, 
immune, and proteomics technologies operative. The research environment 
involves team pursuits, to improve the diagnosis, therapeutic monitoring, and 
treatment of neurological disorders. Parallel programs in stem cell biology, 
cancer biology, and HIV/AIDS enhance the research environment. Core 
facilities abound for quality control of nanoformulations and in disease- 
relevant model systems. The positions will create a “new” nanotoxicity 
initiative at the Medical Center and serve to broaden ongoing research on 
neurodegenerative disorders. Both PEN and the Nanomedicine Center interact 
with the University’s Neuroscience and Virology Centers, and the Eppley 
Cancer Institute. The positions are open at all academic ranks. A Ph.D. degree 
or equivalent is required and junior investigators welcome. Applications 
will be accepted until the positions are filled. Omaha is at the crossroads of 
the country and is a dynamic, energetic, diverse and friendly city. Excellent 
educational, cultural and recreational activities combine with a very affordable 
cost of living to make this a wonderful place to work and live. 


Please send (preferably by e-mail) a statement of research interests, CV, and 
contact information for three references to: 
PEN Faculty Recruitments 
c/o Johna Belling (jbelling@unme.edu) 
University of Nebraska Medical Center 
985800 Nebraska Medical Center 
Omaha, NE 68198-5800 


UNMC is an Equal Opportunity Employer. Women, minorities and 
individuals from diverse backgrounds are encouraged to apply. 


How can you impact drug discovery? 


The Structural Biology group at Pfizer’s Groton Research Laboratories in Groton, Connecticut, is a multidisciplinary team with established 
expertise in molecular biology, protein biochemistry, biochemical mass spectrometry, biophysics, protein crystallography, protein NMR and 
computational chemistry. We are part of the Pfizer Worldwide Medicinal Chemistry organization, and our principal mission is to provide 
integrated molecular insights into drug targets and target-ligand interactions to drive drug discovery. We closely collaborate with multiple 
research units dedicated to improving treatments for serious human diseases such as diabetes, Alzheimer’s disease, schizophrenia, 
theumatoid arthritis, osteoporosis and multidrug-resistant bacterial infections. The group has an established track record of uncovering 
the molecular mechanisms of target proteins to inform modality and assay selection, helping to guide lead optimization by using 
biophysical and functional assays, and effectively driving medicinal chemistry programs using structure-based drug design to improve the 
efficacy and safety of drug candidates. 


We currently seek talented scientists in the areas of protein crystallography, biophysics and MS-based proteomics to prosecute the growing 
portfolio and expanding mission of the structural biology group. Successful candidates will have access to state-of-the-art facilities, 
collaborate with many experts in interdisciplinary teams on some of the most exciting drug targets, and present their scientific discoveries 
at international conferences and as publications (e.g. PNAS 106:18225-18230; PNAS 105:13309-13314; Nat Struct Mol Biol 14:413-419; 
Nat Struct Mol Biol 14:106-113). 


Crystallography Lab Head (Senior Principal Scientist, 937453) 

Postdoctoral Crystallographer (Senior Scientist, 937454) 

Protein Purification/Crystallization Scientist (Senior Associate Scientist, 937455) 
Biophysicist (Senior Scientist, 937456) 

BioMS/Proteomics experts (Senior Scientist, 937457) 


Your talents can make the world a better place by improving human health. Join us and apply your creativity and passion for science 
to deliver innovative solutions that advance important drug discovery programs. To apply and learn more, visit www.pfizer.com/careers 
and search for the appropriate job opening #. 


We are proud to be an equal opportunity employer and welcome applications from people with different experiences, backgrounds and ethnic origins. 


(Pfizer Working together for a healthier world™ 


online @sciencecareers.org 


Science Careers 


Joint Department of Biomedial Engineering 
\ The University of North Carolina at Chapel Hill and 
4 North Carolina State University at Raleigh 


2147 Burlington Labs, Raleigh, NC 27695-7115 
(919) 515-5252; (919) 5 


152 MacNider Hall, Chapel Hill, NC 27599-7575 
(919) 966-1175; (919) 966-2963 fax 
hitp://www.bme.une.edu 


Professor of Biomedical Engineering 

Director of Center for Rehabilitation Engineering 
The Joint Department of Biomedical Engineering at the University of North Carolina at Chapel Hill and North 
Carolina State University is seeking a Full Professor to direct the newly forming Center for Rehabilitation 
Engineering in Biomedical Engineering Department. Candidates should have experience in bringing teams 
of individuals together, working across disciplines and, in particular, working with individuals in the clinical 
sciences. The NC State College of Engineering and the UNC School of Medicine are making substantial 
investments in space, funds and FTE positions to establish the new Center. Applicants are expected to have 
earned doctoral degrees in biomedical engineering or related engineering sciences. Successful candidates 
will be expected to have a demonstrated track record of sustained extramural funding and an internation- 
ally acclaimed research program. The candidate is expected to possess a clear commitment to the academic 
programs of the Department. 
The individual sought for this position should currently be a tenured full professor or equivalent in rehabilita- 
tion engineering, biomedical engineering, or a closely related field. The successful candidate will need to build 
interdisciplinary and inter-institutional research teams and have the ability to forge collaborations/interactions 
with individuals in the clinical sciences within and outside of the Research Triangle area. 
The Director of this Center will report to the Chair of the Joint Department of Biomedical Engineering. The 
Director will be expected to take a lead role in strategic planning and program development efforts of the 
newly created Center. The Director will be responsible for the oversight and management of all aspects of 
the Center’s resources. The Director in coordination with the Department Chair will be responsible for the 
recruitment of new faculty hires within the Center. 
Application procedure: Applicants should complete an online application at http://jobs.ncsu.edu/ for 
position #04-07-0704. 
Application deadline: Applications will be accepted until suitable candidates are found. 
Joint Department of Biomedical Engineering: http://www.bme.unc.edu/ or http://www.bme.ncsu.edu/ 
Inquiries: Contact Rick Segal, PT, PhD, FAPTA at 919-843-8660 or rsegal@med.unc.edu 


NCSU is an Equal Opportunity and Affirmative Action Employer. Also, NC State welcomes all persons 
without regard to sexual orientation. In its commitment to diversity and equity, NCSU seeks applica- 
tions from women, minorities and persons with disabilities. Individuals with disabilities desiring 
accommodations in the application process should contact Rekha Balasubramanyam, Administrative 
Manager, srbalasu@ncsu.edu, ph/vm 919-513-7622, fax 919-513-3814. 


University of Ottawa 
The University of Ottawa wishes to build on its strengths in 
photonics and environmental sciences by recruiting outstanding 
researchers for Canada Research Chairs (CRC) in the following areas: 


1- CRC in Accelerator Mass Spectrometry (AMS) (Tier 1) 
The chairholder's research areas will range from new ion source/analysis technologies 
Located inthe heartof for the advancement of AMS principles and capabilities to the development of new 


the nation’s capital, the research applications that require AMS technology. 
University of Ottawa 7 senate 
attracts the best talent. 2 CRC in Nanophotonics (Tier 1) 


Expertise in one of the following three areas is especially desired: quantum 

and around the world. information science, photonic systems and devices, fabrication of nanostructure. 
Research, innovation, The chairholder will assume a leadership role among a well-established team of 
prosperity: It starts here academics within the interdisciplinary Centre for Research in Photonics. 


3- CRC in Biostatistics (Tier 2) 

The chairholder will assume a leadership role in a well-established team of academics 
that includes eight members specializing in stochastics and two members specializing in 
analysis with an interest in probability. 


from across Canada 


4- CRC in Developmental Biology (Tier 2) 

The Department of Biology offers the chairholder a vibrant research-intensive environment 
with strengths in bioinformatics, cellular/molecular biology, developmental biology, 
ecology, evolution and physiology. 


5- CRC in Drug Development (Tier 2) 

The chairholder is expected to develop a vigorous research program at the interface 
of organic chemistry and chemical biology that will involve interdisciplinary efforts to 
solve problems of biological and medical importance. 


git 


For a full description of each Chair and other information, please visit 
www.academiccareers.uOttawa.ca/position 
or contact us at innovation@uOttawa.ca. 


ae 


Deadline: March 15, 2010 


Tier 1 CRCs, tenable for seven years and renewable, are for outstanding researchers 
acknowledged by their peers as world leaders in their fields. 


uOttawa 


LUniversité canadienne 
Canada’s university 


Tier 2 CRCs, tenable for five years and renewable once, are for exceptional emerging 
researchers, acknowledged by their peers as having the potential to lead in their field. 


FULL PROFESSOR AND FACULTY 
POSITIONS 


Capital Normal University, Beijing 
China 


Established in 1954, Capital Normal University 
(CNU) isa key university in Beijing supported by 
the Beijing Government. CNU isa comprehensive 
(‘211 project”) university that focuses on teacher 
training and encompasses liberal arts, sciences, 
engineering, management, law and education. 
We are expanding to be an international 
research institute dedicated to inspiring a 
new age of scientific achievement. Therefore, 
we are seeking outstanding applicants for the 
position of full-time Professor and other faculty 
positions both nationwide and worldwide. 


I. Fields (Full-time professor) 

Basic mathematics, applied mathematics, 
physics, biology in all areas, physical geography, 
remote sensing of geohazard, computer 
science and technology, communication and 
information engineering 


Il. Faculty positions for Ph.D. and post- 
doctoral associates 

Basic psychology, developmental and 
educational psychology, applied psychology, 
probability theory, applied mathematics, 
statistics, physics, optical engineering, electric 
engineering, botany, zoology, microbiology, 
animal physiology, genetics, cell biology, 
biochemistry, molecular biology, developmental 
biology, communication and information 
engineering, computer science and technology, 
computer network, environmental remote 
sensing, microwave remote sensing, chemistry 
teaching theory or pedagogy with a chemistry 
background, history of science and technology, 
organic chemistry, electrochemistry, electro- 
analytical chemistry, nano-materials, quantum 
chemistry, nano-bioanalysis, applied chemistry, 
chemical engineering and technics 


Ill. Candidate Qualifications: 
¢ aPh.D. degree and postdoctoral experiences 
in relevant scientific areas 


Fresh Ph.D. applicants should be less than 35 
years old. Applicants with Post-doc experiences 
should be less than 40 years old. 


* astrongrecord ofresearch accomplishments, as 
documented by first-author or communication- 
author publications in internationally leading 
journals 


¢ demonstrated capacity in coordinating and 
leading a team 


IV. Benefit package 

The overall start-up package, including salary, 
start-up funds, housing, and family settlement 
in Beijing, is very competitive. It will be 
based on the applicants’ qualifications and 
will be negotiated. Full-time professors will 
be provided with an apartment and family 
relocation package. 


V. Contact Information 

Review of applications will begin immediately 
and please arrange to send all the following 
materials to the following address by July 30th, 
2010: curriculum vitae (including awards & 
funding history), a statement of research plans, 
reprints of 5 representative papers in recent five 
years and three letters of recommendation. 


Mr. Wenxin Chen, Mr. Gaofeng Ji 
Tel: 86-10-68902989 
Fax: 86-10-68981338 
Email: cnursc2009@gmail.com 
Department of Human Resources 
# 105 Xi San Huan Road (N), Capital Normal 
University, Beijing 100048, P. R. China 


Call for Research Proposals 


"Ajinomoto Amino Acid Research Program" 


Amino acids have a variety of roles in the biological system. Ajinomoto Co., Inc., which is commanding 50% 
share of amino acids worldwide, is interested in supporting innovative research focusing on the biological 
aspects of amino acids, such as nutritional, physiological and/or pharmacological functions and properties. 


Research proposals are invited for the following support categories: 

@Exploratory Research Grants : Maximum of $100,000 per year, up to 2 years 

@ Young Investigator Research Grants : Maximum of $100,000 per year, up to 2 years 
Investigators who are within 5 years as independent investigators by the deadline of full applications are eligible for 
young investigator category. 

Applicants must submit a pre-application to be received no later than 31st March 2010; 

full applications must be received no later than 1st August 2010. 


For more details and instructions: 
http ://www.3arp.ajinomoto.com AY | N OMO [ O. 


3arp @ajinomoto.com 


Ajinomoto Co., Inc. is pleased to announce 
the recipients of the 3ARP grant 2010. 


Ajinomoto Co., Inc. appreciate the interest and participation of a large number of scientists. We received 
over 140 high-quality proposals from around the world for this program in 2009. After extensive review and 
deliberation, the following 8 proposals were selected for funding. 


@Exploratory Research 
John Blenis / Harvard Medical School 
“Exploiting the interplay between mTORC1 signaling and amino acid metabolism in cancer therapy" 
Satish Kalhan / Cleveland Clinic Lerner Research Institute 
"Creatine metabolism in humans: effect of amino acid supplement" 
Yoshikatsu Kanai / Osaka University 
"Identification and characterization of plasma membrane amino acid receptors mobilizing Ca* and regulating 
cell growth and metabolism" 
Stefano Sforza / University of Parma 
“Identification of microrganisms and conditions for optimal bioproduction of gamma-glutamy! aminoacids as 
new flavouring agents" 
Michael Tordoff / Monell Chemical Senses Center 
“Mechanism of glutamate's antiobesity effect" 
Francois Verrey / University of Zurich 
"The role of Blood-Brain barrier in establishing and maintaining brain interstitial fluid amino acid homeostasis" 
Kevin Yarasheski / Washington University School of Medicine 
"Myocardial branched chain amino acid metabolism in human disease" 


@Young Investigator Research 


Daniela Cota / INSERM U862, University Bordeaux 2 
"Metabolic effects of leucine supplementation on the prevention and treatment of diet-induced obesity" 


3ARP granted research will be presented 
in the Experimental Biology 2010. 


Symposium Title: Present and Emerging clinical Applications of Amino Acids 
Date: April 26th, 2010 Time: 8:00AM-10:00AM Location: Anaheim, California 


online @sciencecareers.org 
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TRUDEAU INSTITUTE 


IMPROVING REALTH THROUGH MEDICAL RESEARCH 


FACULTY APPOINTMENTS 
IN IMMUNOLOGY AND INFECTIOUS DISEASE 


The Trudeau Institute is recruiting new faculty at junior and senior 
levels with interest in the areas of immunology and infectious disease. 
We are looking for individuals who will develop vigorous, extramurally 
funded, research programs that will integrate with the highly collabora- 
tive scientific environment at the Institute (www.trudeauinstitute.org). 
Applications from related disciplines are encouraged. 


The Institute offers excellent, well-equipped, laboratory space and 
extensive shared facilities, including animal, molecular biology, flow 
cytometry, bio-imaging, and histology cores. A modern, state-of-the-art 
animal facility offers skilled colony maintenance with database tracking, 
on-site genetic screening and a wide variety of standard and genetically 


altered mice at subsidized rates. The Institute has excellent containment 
facilities for in vitro and in vivo BSL2 and BSL3 activities and is poised 
to open a brand new research facility that is select agent capable. The 
Institute is partially supported by an endowment and offers competitive 
start-up packages with extended support, on-campus housing, an on-site 
child-care center and an excellent benefits package. 


Interested individuals should submit a letter of application, including a 
description of research interests, curriculum vitae, and contact informa- 
tion for three references to the address below. Application deadline is 
April 30, 2010. 


Applications should be addressed to: Dr. Andrea Cooper, Chair, 
Faculty Search Committee, Trudeau Institute, Saranac Lake, NY 
12983. E-mail applications are preferred. Please send to faculty_chair@ 
trudeauinstitute.org. 


The Trudeau Institute is an 
Equal Opportunity/Affirmative Action Employer. 


A” Aalto University 


Postdoctoral Positions 


Aalto University invites applications for postdoctoral research 
positions in the fields of natural sciences and technology, 
economics, and art and design. 


The responsibilities of the postdoctoral researchers include re- 
search, teaching and thesis supervision related to the research 
field. The selection process will emphasize on the quality of 
earlier scientific research, the extent of international experi- 
ence, and the quality of the research proposal and its compat- 
ibility with the goals of the unit. Successful candidates must 
have completed their doctoral degree before the start of the 
postdoctoral period and be fluent in English. 


Applications are invited for postdoctoral positions in various 
Aalto University units for the period 1 August 2010-31 De- 
cember 2012. The positions are funded by Aalto University as 
a reward for the exceptional performance of these units in the 
recent research assessment exercise. 


For further information about the positions, please visit 
http://www.aalto.fi/en/current/jobs/postdoc/ 


Aalto University is a new university created through the merger 
of the Helsinki School of Economics, the University of Art and 
Design Helsinki and the Helsinki University of Technology. 


www.aalto.fi 


PRIZES 


The Daiwa 
Anglo-Japanesd 


Foundation 


Download 
your free copy. 


Daiwa Adrian Prizes 2010 


Daiwa Adrian Prizes are awarded by 
The Daiwa Anglo-Japanese Foundation 
on a triennial basis in recognition of 
significant collaboration between British 
and Japanese research teams in the field 
of pure science or the application of 
science. 


The Prizes were established in 1992 and 
subsequently renamed to commemorate 
the late Lord Adrian, a founding Trustee 
of the Foundation, at whose initiative 
the Prizes were established. Since their 
launch, £345,000 in Prizes has been 
awarded to 51 different institutions, 26 
from the UK and 25 from Japan. 


All submissions will be judged on the basis 
of scientific quality and past performance 
but take into account future potential 
and the likely long-term contribution to 
UK-Japan scientific relations. Applications 
are handled by the Foundation with 
an assessment conducted by a panel of 
Fellows of The Royal Society. 


Further information: 
www.dajf.org.uk/dap 


Faculty Positions Open for 
International Scholars 


SEOUL NATIONAL UNIVERSITY, 
SCHOOL OF BIOLOGICAL 
SCIENCES, KOREA 


Tenure track faculty positions are open for foreign 
scientists in the areas of 1) Molecular and 
Cellular Biology, 2) Integrative Organismic 
The 
scientists. 
lities of this position include 
both research and teaching. Teaching will be 
conducted in English. The applicants should have 
a Ph.D. degree and postdoctoral experience with 
strong research backgrounds and achievements. 
Competitive set-up expenses and stipends for 
70% of graduate students are provided. Also, 
governmental research grants are applicable for 
faculty research. The school offers an excellent 
environment for research and is equipped with 
most of high performance research facilities. 
The salary starts from approximately 60 million 
KRW per year and is competitive depending on 
the experience. Faculty housing (2 to 4 bed rooms 
upon family size) is also available. For more 
information, visit http://biosci.snu.ac.kr or email 
to Dr. Kwangseog Ahn (ksahn@snu.ac.kr). The 
application including curriculum vitae, three 
references, and research plan (3-4 pages) should 
be submitted to Chair, Prof. Jung-Hye Roe, by 
email (ckm81@snu.ac.kr). 


ScienceCareers.org/booklets 


CAREER Careers Away : 


from the Bench 


TRENDS 22.00. 


Science Careers 


From the journal Science MNAAAS 


Addressing the world’ 


Starting this year, KTH will expand research activities in 
six strategic areas, thereby deepening our impact on the 
world’s great challenges. We are looking for international 
calibre research talent to join us. 


Our strategic research areas include: 

+ Information and communication technology 
+ e-Science 

+ Molecular biosciences 

+ Transportation 

+ Production engineering 

+ Energy 


Please visit www.kth.se/sra for more information 
about the available positions, our research and KTH 


Sweden's technical research and 
engineering education capacity at 
a university level. Education and 
research cover a broad spectrum — 
from the natural sciences through 

all the branches of engineering, 

as well as architecture, industrial 
engineering and management, 

urban planning, work science and 
environmental engineering. 
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ROYAL INSTITUTE 
OF TECHNOLOGY 


Cornell University 
Center for a Sustainable Future 


Managing Transitions to 
Sustainable Communities and Regions 
June 14-18, Ithaca, NY 


A workshop is being organized for early career scholars and profes- 
sionals on all aspects of managing transitions to sustainable com- 
munities and regions—systems engineering, project management, 
simulation modeling, forecasting, computation and visualization, 
and political mobilization. Currently, in many parts of the world, 
planning expertise to mitigate and adapt to climate change and pro- 
mote sustainable lifestyles is lacking at local and regional scales, 
where important decisions determining future climate pathways 
are being made. In addition, global integrated assessment models 
do not account for changes in infrastructure, which will be made at 
the regional level, or technologies exploiting new infrastructure in 
their estimates of future emissions and economic impacts. We plan 
a cross-disciplinary workshop to present and promote research that 
will facilitate transitions to interdependent systems that will support 
sustainable communities and regions. We will accept ~20 participants, 
and provide travel, and local support. 


Please send a CV, letter of recommendation, statement of interest (<1 
page) to apply by March 1, 2010 to CCSF-SummerInst@cornell.edu 
with the phrase ‘summer workshop’ in the subject heading. More 
information is available at (http://www.geo.cornell.edu/eas/ 
PeoplePlaces/Faculty/mahowald/SummerInstitute2010/). This 
workshop is sponsored by the Cornell Center for a Sustainable Future 
(http://www.sustainablefuture.cornell.edu/index.php) and AIMES 
Young Scholars (http://www.aimes.ucar.edu/ysn). 


Call for Outline Proposals 
for EUROCORES 
research projects 


The European Science Foundation (ESF) invites outline project proposals 
for collaborative research at the European level under the following 
EUROCORES programmes: 


* EuroEPINOMICS: Functional genomic variation in the epilepsies 

* EuroBioSAS: Bio-inspired Engineering of Sensors, Actuators & Systems 

* EuroGIGA: Graphs in Geometry and Algorithms 

* EuroSolarFuels: Molecular Science for a Conceptual Transition from 
Fossil to Solar Fuels 

* EuroTRACES: European Trans-Atlantic Coral Ecosystem Study 

* EuroVOL: Ecology of Plant Volatiles, from Molecules to the Globe 

* EuroUnderstanding: Understanding and Misunderstanding: 
Cognition, Communication and Culture 


Please see www.esf.org/EUROCORES for deadlines, application and 
eligibility criteria, and other information on the call. 


The EUROCORES Scheme 

The European Collaborative Research (EUROCORES) Scheme enables 
researchers in different European countries to collaborate in tackling the ques- 
tions that need international scale and scope for top class science in a global 
context. The scheme is scientist-led, providing an exceptional opportunity 
for scientific communities from Europe and beyond to submit their own ideas 
for medium- to large-scale multinational collaborative research programmes 
across all disciplines. Programmes now requesting outline proposals are the 
result of the theme proposals selected through the 2009 call for themes in 
March to May 2009. 


The European Science Foundation 

The ESF provides a platform for 79 Member Organisations from 30 countries 
to advance science and explore new directions for research at the European 
level. ESF is an independent nongovernmental organisation, devoted to the 
coordination, implementation, networking and science policy development in 
the basic sciences. The EUROCORES Scheme is part of the ESF contribution 
to the European Research Area. The research, networking and coordination 
costs of EUROCORES programmes are covered by the participating national 
funding organisations. 


ne @sciencecareers.org 
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POSITIONS OPEN 


USDA 


www.ars.usda.gov 


RESEARCH PLANT PATHOLOGIST 
GS-12/13 
Salary range of $68,809 to $106,369 

The Crop Production and Pest Control Research 
Unit in West Lafayette, Indiana, is seeking a perma- 
nent, full-time research scientist to conduct basi 
applied research for control of soilborne d 
soybean. The successful applicant will be expected to 
develop genetic resources in the host and/or pathogen 
for management of diseases caused by Phytophthora 
sojae and Fusarium virguliforme utilizing, pathological, 
molecular, genetic, biochemical, physiological, and 
mycological approaches. 

To apply, print a copy of vacancy announcement 
ARS-X10W-0073 from the ARS Careers website: 
http://www.ars.usda.gov/careers and follow the 
application directions provided. To receive a printed 
copy by mail, contact Jan Overton, telephone 765- 
494-9726; e-mail: jan.overton@ars.usda.gov. For 
information on the research program and/or position, 
contact Dr. Larry Dunkle, telephone: 765-494- 
6076; e-mail: larry.dunkle@ars.usda.gov. Further 
information on the mission of the Crop Production 
and Pest Control Research Unit can be found at 
website: http://www.ars.usda.gov/mwa/lafayette/ 
cpperu. U.S. citizenship is required. Applications must 
be ved by March 9, 2010. 

The USDA/ARS is an Equal Opportunity Employer and 
Provider. 


Agricultural 


TENURE-TRACK 
ASSISTANT PROFESSOR 
Genetics 

The Department of Biological Sciences, Michigan 
Technological University, invites applications for a 
tenure-track Assistant Professor in genetics to support 
the Department’s undergraduate and graduate pro- 
ndidates using molecular and biochemical 
in all experimental systems are encouraged. 
11 applicants will hold a Ph.D. and poss 
postdoctoral experience; they will be expected to 
tablish a vigorous, externally funded research program 
to complement and actively support our doctoral pro- 
gram. The Department expects candidates will be 
strongly committed to undergraduate and graduate 
education in their areas of expertise. 

Biological Sciences is housed in the award-winning 
Dow Environmental Sciences and Engineering Build- 
ing. Additional information about this position, the 
Biological Sciences Department, and its programs can 
be found at website: http: //www.bio.mtu.edu. 

Please send curriculum vitae along with statements 
of research interests and of teaching philosophy, and 
arrange for three letters of recommendation to be sent 
via e-mail or post to the search committee: 

E-mail: geneticsearch@mtu.edu 
Genetics Search Committee 
Department of Biological Sciences 
1400 Townsend Drive 
Michigan Technological University 
Houghton, MI 49931-1295 

Review of applications will begin February 19, 
2010, and continue until the position is filled. 

In addition to the present search, strategic faculty 
hiring initiatives with up to 10 new positions in Health: 
Basic Sciences, Technologies, and Medical Informat- 
ics and Next-Generation Energy Systems are under 
way, and qualified candidates are encouraged to send 
a separate application, following the How to Apply 
guidelines at website: http://mtu.edu/sthi. 

Michigan Tech is an ADVANCE institution, one of a lim- 
ited number of universities in receipt of NSF funds in support of 
our commitment to increase diversity and the participation and 
advancement of women in science, technology, engineering, and 
mathematics. Michigan Technological University is an Equal 
Opportunity Educational Institution/Equal Opportunity Em- 
ployer. Minorities and women are encouraged to apply. 
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POSTDOCTORAL NEUROSCIENCE 
RESEARCH POSITIONS 
Immediate and Ongoing Openings 
University of California, Irvine 

University of California, Irvine offers an Epilepsy 
Research Postdoctoral Program Fellowship. The mul- 
tidisciplinary program supports diverse approaches 
to (1) understanding the fundamental neurobiological 
processes leading to epilepsy; (2) translational research. 
Participating laboratories include: Tallie Z. Baram, 
M.D., Ph.D.: Mechanisms of epileptogenesis: epige- 
netics, ion channel trafficking, in vivo electrophysiol- 
ogy, inflammation; Steven Cramer, M.D.: Functional 
imaging and robotics for identification and cure of 
ic and ischemic insults; Christine M. Gall, 
urotrophins, integrins, activity-dependent 
plasticity; Alan L. Goldin, M.D., Ph.D.: Sodium chan- 
nels, transgenic approaches, electrophysiology; Gary 
Lynch, Ph.D.: Regulation of excitability and synaptic 
function and plastic Charles E. Ribak, Ph.D.: 
Granule cell plasticity, neuroanatomy; Mick Rugg, 
Ph.D.: Functional imaging of learning and memory 
circuits; Ivan Soltesz, Ph.D.: Electrophysiology, con 
putational neurobiology, interneurons and inhibi 
tion; Martin Smith, Ph.D.: Novel signaling - Agrin 
and neuronal excitability; Oswald Steward, Ph.D.: 
Mechanisms of vulnerability to excitotoxicity; John 
Weiss, M.D., Ph.D.: Calcium and zine trafficking, 
excitotoxicity. 

See website: http://www.ucihs.uci.edu/ 
epilepsyresearch/. 

These positions are funded by an NIH training 
grant (T-32); eligible candidates must be U.S. citizens or 
noncitizen nationals or must be lawfully admitted for 
permanent residence. An M.D. or Ph.D. degree is re- 
quired, and M.D. qualified candidates are encouraged 
to apply. Salary is based on Kirschstein National Re- 
search Service Award postdoctoral stipend levels. 
Candidates should submit resume and references to 
e-mail: tallie@uci.edu. 

UCT is an Equal Opportunity Employer committed to ex- 
cellence through diversity and strongly encourages applications 


fiom all qualified applicants, including women and minorities. 


The Department of Chemistry at Lawrence Univer- 
sity invites applications for a one-year, renewable 
VISITING FACULTY POSITION beginning fall 
2010, which may lead to a tenure-track faculty posi- 
tion. Responsibilities include teaching courses in the 
Chemistry Department primarily in the areas of 
analytical and/or physical chemistry, instrumental anal- 
ysis, and general chemistry. Candidates must be 
committed to excellence in teaching in a liberal arts 
environment, and ready to develop an active research 
program that will challenge and inspire undergradu- 
ates. A Ph.D. is required; postdoctoral experience in 
teaching or research is desirable. A letter of application, 
curriculum vitae, statements of teaching philosophy 
and research plans, undergraduate and graduate tran- 
scripts, and three letters of reference should be sent to: 
Professor David Hall, Chair, Department of Chem- 
istry, Lawrence University, Appleton, WI 54912. 
Fax: 920-832-6962. Applicants should address the 
ways in which they could contribute to Lawrence's 
institutional mission and goals. Review of applications 
will begin February 22, 2010, and continue until the 
position is filled. Lawrence University is a private, 
selective college of liberal arts and sciences with a 
conservatory of music. About a quarter of its 1,400 
students major in the natural sciences, and the student- 
to-faculty ratio is 11:1. Its Chemistry Department 
resides in a state-of-the-art science facility that houses a 
wide array of instrumentation, including a nuclear 
magnetic resonance spectrometer, an attenuated total 
reflectance-Fourier transform infrared spectrometer, a 
gas chromatograph/electronic pneumatics control, an 
HPLC, an FPLC, and a flow cytometer. Lawrence is 
located in Appleton, Wisconsin, (population ~70,000), 
the center of the Fox Cities region of Wisconsin (total 
population ~350,000). Lawrence University is committed 
to enhancing the diversity of its faculty and the diversity of 
viewpoints and approaches that the faculty represents. 
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Stanford University received several major contracts / 
grants including the Rapid and Accurate Proteomic 
Inde: x Dosimetry (RAPID) Consortium and Physi- 
cal Science Oncology Center (PS-OC), with a primary 
focus on validating radiation exposure and cancer 
biomarker panels, respectively, with an ultrasensitive 
magneto-nano protein chip platform being devel- 
oped at Stanford University and its collaborators. 

Several POSTDOCTORAL FELLOW POSI- 
TIONS are available immediately and over the next 
few years to develop novel methods, devices, and 
s for detecting multiple protein biomarkers 
(Gaster et al., Natwre Medicine 15:1327-1332, 2009). 
These projects are highly independent yet collabo- 
ive, multidisciplinary, and nontraditional, thus re- 
self-motivated and highly driven individuals 
who also have a willingness to collaborate with others 
and an open attitude toward interdisciplinary research. 
These positions also require extensive experience with 
standard molecular biology and biochemistry skills, 
including experience with proteins, biosensors, and 
microarrays. The ideal candidate should have a doc- 
torate in chemistry, biochemistry, materials science, 
electrical engineering, bioengineering, physics, or a 
related discipline. 

Applicants should electronically send curriculum vitae, 
three references, and a summary of previous work to 
Prof. Shan Wang, e-mail: sxwang@stanford.edu. 

Group website: http://www.stanford.edu/group/ 


wang group/. 
TERRESTRIAL ECOLOGIST 


The Wabash College Biology Department invites 
applications for a one-year VISITING ASSISTANT 
PROFESSOR position. Ph.D. and a commitment to 
excellence in teaching required. Teaching duties in- 
clude general ecology, an advanced senior seminar 
course, and a team-taught introductory biology course. 
Send a letter of application, curriculum vitae, brief state- 
ment of teaching experience and philosophy, graduate 
and undergraduate transcripts, and three letters of 
recommendation by March 8, 2010, to: David T. 
Krohne, Chair Biology Department, Wabash Col- 
lege, P.O. Box 352, Crawfordsville, IN 47933-0352. 
Questions may be directed to e-mail: krohned@ 
wabash.edu. Information about the College and De- 
partment, including the new science facility, is available 
at website: http://wabash.edu. No electronic appli- 
cations accepted. Wabash College, a liberal arts college com- 
mitted to the undergraduate education of men, encourages applications 


fiom women and minorities, Equal Opportunity Employer. 


FACULTY POSITION 
Medical School 
Saint James Schoo! of Medicine invites applications 
from candidates with teaching, research, and/or admin- 
istrative experience in any of the basic medical sciences 
for its campuses in the Caribbean and its corporate of 
fice in Chicago. Immediate needs in anatomy, physiol- 
ogy, pathology, and pharmacology. Applicants should 
hold an M_D., D.O., and/or Ph.D. with a minimum of 


USS. teaching experience desirable. Retired persons 
with experience in medical education are encouraged 
to apply. Attractive salary and benefits. Submit curric- 
ulum vitae electronically to e-mail: career@sjsm.org 
or mail to: HRDS, Inc., 1480 Renaissance Drive, 
Suite 300, Park Ridge, IL 60068. 


MARKETPLACE 


Promab Biotechnologies Inc. 
Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 
1-866-339-0871 
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To meet the challenge of the competitive economy in the new millennium, private industry 
and government research agencies must expand the pool of technical talent. AAAS started Entry 
Point!, a program that offers students with disabilities competitive internship opportunities 
in science, engineering, mathematics, computer science, and some fields of business. 
And this is just one of the ways that AAAS is committed to advancing science to support a 


healthy and prosperous world. Join us. Together we iN ee. 
can make a difference. aaas.org/plusyou/entrypoint // AAAS + U AN 


Entry Point! 
Students with Disabilities 


